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Chapter 1: Overview

Objectives

• Learn the defi nition of a proportional valve.

• Recognize the different types of proportional valves.

• Learn the defi nition of direct acting and pilot operated.

Introduction

A proportional valve is one which can vary the output in response 
to the variation of electric input. The output of these valves 
depend on the magnetic force of the solenoid. There are three 
types of proportional valves, electrohydraulic proportional fl ow 
control, pressure control and directional valves. 

The purpose of this manual is to explain how proportional valves 
work. To do this, the terminology associated with proportional 
valves, basic construction, operating parameters and how the 
valves are controlled, will be presented.

Chapter 1: Overview

HydraForce and the HydraForce logo are registered trademarks of HydraForce, Inc. 
The entire content of this manual is copyright 2008 HydraForce, Inc. All rights reserved.
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Types of Proportional Valves

There are three main categories of proportional valves. These include  fl ow,  pressure 
and  directional control valves. Flow control valves control the fl ow into or out of 
a hydraulic cylinder or motor. The fl ow is controlled to regulate the speed of these 
actuators. In other words, the rate the cylinder extends and retracts or how fast the 
motor turns. The pressure control valves regulate the pressure applied to both of these 
devices. By regulating the pressure, the force the cylinder applies, or the torque of the 
motor is controlled. Finally, the directional control determines if the cylinder extends 
or retracts, or if the motor turns clockwise or counterclockwise.



 Electro-Hydraulic Proportional Valves Manual  Page 3

Chapter 1: Overview

Direct Acting vs. Pilot Operated

The movement of the hydraulic components (such as the spool), inside these valves 
can be controlled directly by the solenoid actuator. Valves which use this type of 
actuator are know as direct acting valves. Another method of controlling this move-
ment is to use a small direct acting valve which controls the pressure applied to a 
larger spool. This is known as a pilot operated valve. In this valve, a small element 
pilots (controls) a large element. The diagrams below are examples of how these two 
functions and methods of actuation are accomplished. Both examples are pressure 
reducing valves. The EHPR08-33 is direct acting (controlled by the solenoid) and the 
TS10-36 is pilot operated (small valve controlling the larger spool). The operation of 
each is discussed in later chapters.

Armature Pushes
on Spool

EHPR08-33

TS10-36AM

Armature Pushes on
Poppet and Controls

Pressure on Top
of Larger Spool
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Chapter 2: Basics of Controllers

Objectives

The objectives for this chapter are as follows:

• Discover the different types of voltage signals used in proportional valves.

• Understand what threshold and maximum current are.

• Learn about voltage and current control.

• Recognize a potentiometer and what it is used for.

• Discover what electronic controllers are.

• Learn about features available in controllers, such as ramp, IMIN, IMAX and dither.

Introduction

This chapter will outline some of the basic electrical terminology associated 
with the control of proportional valves. PWM and Dither, which are the voltage 
signals applied to the coil, will be discussed fi rst.  Following, the different current 
levels associated with the control of the valve will be discussed. Finally, the 
differences behind voltage and current control as well as devices designed for 
each, will be presented.

HydraForce and the HydraForce logo are registered trademarks of HydraForce, Inc. 
The entire content of this manual is copyright 2008 HydraForce, Inc. All rights reserved.
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12V 6 Ohms

12V

Time

2 Amps

 Voltage Signals

Proportional valves are made up of mechanical and electromechanical components.  
The mechanical components include the spool and cage, which control the oil 
pressure and fl ow. The electromechanical components include the coil, plunger and 
pole piece, which control the spool. In order to create the magnetic force which the 
plunger applies to the spool, voltage must be applied to the coil. There are several 
variations of voltage that can be applied to the coil, including smooth DC, PWM and 
dither. These will be discussed in the following section. In each of these cases, the 
voltage is DC or non-alternating current.

 Smooth DC

Smooth DC is available from a battery and is the fi rst of the three variations of 
voltage we will discuss. Graphed against time, the steady state or constant level of 
voltage and current appear as a straight line. For this reason it is called smooth DC. 
The graph below shows the current and voltage recorded when 12 V from a battery is 
applied to a 6 ohm coil.

The following graph shows that the voltage and current remain smooth even as the 
voltage is varied or ramped from 0 to 12V.

12V

2 Amps

Time



Chapter 2: Basics of Controllers

 Electro-Hydraulic Proportional Valves Manual  Page 7

Voltage

Timeton

t

 PWM

The second type of voltage signal we will consider is PWM, which is an acronym for 
Pulse Width Modulation. It can be defi ned as the rapid turning on and off (pulsing) of 
voltage within a fi xed amount of time (width of modulation). The graph below shows 
several voltage pulses recorded vs. time. 

t: The time period of one full cycle is the frequency in which the voltage is turned 
on and off. This time is typically measured in cycles per second or Hz ( Hertz). The 
frequency used with HydraForce valves is typically between 75 to 400 Hz.

ton: This is the amount of time that power is applied to the coil during the above time
periods.

The two time periods above are typically combined to defi ne what is known as the 
 duty cycle. The duty cycle is found using the following equation:

 (ton ÷ t) x 100 = duty cycle %

Simply stated, duty cycle is the percentage of time that power is applied to the coil.

The current is varied by changing the duty cycle or the percentage of on time. If the 
duty cycle is low (voltage on for a short time) then the current is low. When the duty 
cycle is high, the current is high. The graph below shows how the current in the coil 
increases as the duty cycle increases.

PWM

Current

100% on
Time

25% on
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Voltage

Voltage

Voltage

Time

Time

Smooth DC (Bias)

Time

Combined Dither
and Smooth DC

Dither

t

Amplitude

PWM is used to keep the plunger constantly moving. Basically, by using PWM, 
the magnetic solenoid force continuously builds and falls. This means that for a brief 
moment, the armature is attracted to the pole piece and then it is no longer attracted.  
The amount of magnetic force generated during each pulse is high because the 
voltage level (amplitude) at the top of each pulse, is typically the system voltage. 
This constant movement of the armature reduces the viscous and mechanical friction 
forces between the moving and fi xed parts of the valve. This in turn reduces 
hysteresis (hysteresis will be described in the following chapter). PWM is used 
in the majority of proportional valve applications, rather than straight DC because 
it reduces hysteresis.

Dither

The third type of voltage variation we will consider is  dither. It can be defi ned as a 
state of indecisive action. The indecisive action in our discussion is the voltage level.  
Dither is similar to PWM in the fact that the voltage is dithered, or turned on and off 
rapidly.  Like PWM, dither keeps the actuator moving to reduce hysteresis. There are 
two factors which distinguish it from PWM. The fi rst factor is that the amplitude or 
level of the pulse is smaller in dither. The second factor is that the duty cycle is fi xed 
at 50%. This smaller, fi xed pulse or dither is added to smooth DC. Smooth DC is also 
known as bias. It is called this because the dither is shifted by increasing or decreas-
ing the smooth DC. In other words, it is biased by the level of the smooth DC. The 
combined output is then applied to the proportional valve. The graphs below illustrate 
the concept of voltage vs. time.
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In order to vary the current, the smooth DC level must be varied, not the dither. 
This is shown in the following graph. Notice that the dither, amplitude and frequency 
remain the same, but the DC bias is increased.

IMIN & IMAX

The terms threshold current and maximum current are sometimes referred to as  IMIN 
and  IMAX.  These points typically defi ne the operating limits of a proportional valve.

 Threshold Current

Threshold current (IMIN), is the current applied to the proportional solenoid coil, 
which results in the initial change in pressure or fl ow. (Note: IMIN is related to a 
setting available on electronic controllers. This will be discussed later in this chapter).

 Maximum Current

Maximum current (IMAX), is the level of current applied to the coil that results in 
the maximum rated output from the proportional valve.  The following pressure vs. 
current graph, gives an example using these two operating points.

Voltage

Current

Maximum

Pressure
or Flow

Minimum

Threshold
Current

Maximum
Current

Current
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 Ramp

Ramp is a term associated with controlling the voltage applied to the coil, over a 
given amount of time. The ramping function allows the voltage to build or fall 
gradually and evenly. Without this function, the voltage could build or fall instantly 
when the switch is closed. The following graphs illustrate how the voltage increases 
and decreases quickly, as with a switch, as well as changing gradually. A ramp 
function can either be created manually by varying the input voltage slowly, or 
through electronics available on an electronic controller.

 Voltage vs. Current

The power applied to a solenoid coil can be controlled by varying the voltage or the 
current. These methods are known as voltage driven and current driven systems.  
Each system is described in the following section as well as the devices used to vary 
or regulate the power applied to the coil. The fi rst method, voltage driven, is less 
costly because of the simple device used to regulate the input to the coil. The second 
method, current driven, regulates the force the solenoid creates, by regulating the 
current. While the current driven method regulates the output from the valve better, 
it is more complex than the voltage driven method because it involves electronics. 

 Voltage Driven

The term voltage driven is associated with powering the coil from a source which 
has no control on current, such as a battery. When the battery (shown in the following 
circuit) is connected to the coil, the current draw in the circuit is limited by the 
resistance in the coil (V = IR). As the coil heats up over time, from the power 
applied, the resistance goes up and the current goes down. Eventually, the tempera-
ture and resistance stabilize and the voltage, current and power stay the same. In 
addition, the force developed by the solenoid decreases in proportion to the current, 
as shown in the following graph.

Voltage Voltage

Time
(Ramp)

Time
(No Ramp)
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Current Driven

Current driven  refers to applying a source to the coil which regulates current rather 
than voltage. This type of source is better suited for proportional valves than voltage 
driven because although the coil heats up, the current remains the same, as does the 
force from the solenoid. This is shown in the diagram below. However, the power 
available must be suffi cient to increase the voltage to maintain the current level. 
‚If it is not, the current will begin to decrease as in the voltage driven coil.   

I

V
R

Coil
Temperature

Coil Force

Current
Power

Voltage

Time 

Power

Coil Temperature
Coil Force

Current

Voltage

Time
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Potentiometers vs.  Electronic Controls

Proportional valves work with variable current or voltage applied to the solenoid coil.  
In order to take a fi xed voltage level and vary it, for example from a 12V battery, 
a device is required between the battery and the coil. This device can be as simple 
as a potentiometer or as complex as an electronic closed loop current controller.

 Potentiometer

The full voltage from the battery is not directly applied to the proportional valve 
as shown in the Voltage Driven section of this chapter. A potentiometer can be con-
nected between the battery and coil to vary the voltage. The potentiometer is simply 
a variable resistor. The symbol and how it is connected in a circuit is shown below. 

As shown in the diagram, the source is connected across terminals 1 and 3. Between 
terminals 1 and 3 there is a resistor. The size of the resistor or the amount of voltage 
drop across this resistor varies with the position of the wiper connected at terminal 2. 
The wiper is a part of the potentiometer that varies the resistance between terminals 
1 and 2 from a small amount to a large amount. When the resistance is small, or the 
wiper is close to terminal 1, all the current fl ows through the potentiometer because 
the current wants to fl ow through the path of least resistance. When the wiper is 
closest to terminal 3, the resistance between terminal 1 and 2 is larger than the coil, 
so the majority of the current will fl ow through the coil.

This is further explained in the following example. The diagrams represent two 
extremes of the resistance, regulated by the wiper. Assume that the total resistance 
of the potentiometer is 10 ohms and the resistance of the coil is 5 ohms. Also 
assume that the wiper shown in the following diagram is moved to a position in 
which it cuts the resistor between terminals 1 and 3. With this confi guration, the 
resistance  between terminal 1 and 2 is 1 ohm and the resistance between terminal 2 
and 3 is 9 ohms. In this case, most of the current from the battery will fl ow through 
the 1 ohm resistor rather than through the 5 ohm coil because the current takes the 
path of least resistance. A small portion of the current also fl ows through the coil.

Battery
Source

Potentiometer

Coil

3

2

1
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I

9 Ohms

1 Ohm

I

I

5 Ohms
I

(The number of tails attached to the arrow head is
an indication of the relative amount of current

flowing through the circuit)

1 Ohm

9 Ohms

5 Ohms

I

I I

I

The next circuit, shows the potentiometer with most of the current fl owing through 
the coil.

Again, the current takes the path of least resistance. In this case, the 5 ohm coil has a 
lower resistance than the 9 ohm portion of the potentiometer in parallel with the coil.

An example of a potentiometer in use is a dimmer switch. When the dimmer switch is 
fi rst turned on the light is very low (little current is fl owing through the light bulb). At 
this point, the current is fl owing through the potentiometer which is rationing current 
to the light bulb. When the switch is turned, the brightness of the bulb increases until 
the knob cannot be turned farther. 

10 Ohms

5 Ohms

10 Ohms

5 Ohms

The 10 Ohm resistor is split by the 
wiper and the circuit can be redrawn as:



Chapter 2: Basics of Controllers

Page 14  Electro-Hydraulic Proportional Valves Manual

 Controller

The  electronic controller or amplifi er is used to regulate the current applied to the 
coil. By regulating the current, the solenoid actuator force is regulated. Therefore the 
output from the valve is better regulated than by just controlling the voltage through 
a potentiometer. In addition to regulating the current, controllers are equipped with 
features which improve the performance of the system.

The performance of the valve is improved because the controller has dither or PWM 
built-in. The performance of the system is improved because of enhanced features in 
the controller, such as ramping. For example, if a fl ow control is controlling a motor, 
ramping allows for a slow increase in current, which translates into a slow increase 
in speed. Additional features are described in the following sections. The following 
block diagram shows an electronic controller with several features built in. 

Emergency
Switch

Ramp I-Min I-Max

U

I
Coil
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PWM

Controller
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Fuse
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The function of each of the components in the block diagram is described below.

  The emergency or disable switch disconnects the coil from the output of the 
controller. This switch will connect the output from the ramp, IMIN, IMAX portion 
of the circuit to ground so there is no output to the coil.  The controller works or 
is enabled when the emergency switch is open.

The function of the  potentiometer is to interface between the operator and the 
controller. A more detailed explanation can be found in the previous section. 
The potentiometer can take several different forms such as in a joystick or a 
rotating knob. 

This symbol represents a  battery or DC voltage source.

The  fuse is located in the circuit to protect the electronics in case the coil draws too 
much current. This could occur if the coil shorts. The fuse is typically made from a 
thin wire. As more current fl ows through the fuse, this wire heats up. If too much 
current fl ows, the wire burns and opens, or disconnects the battery from the circuit.

This device provides constant voltage to the electronics inside the controller.  It is 
needed because electronic devices perform better with a set voltage level.  Stable 
voltage is typically not available with a battery because voltage varies as the battery 
begins to drain.   High frequency PWM is used to generate stabilized voltage.  Unlike 
the low frequency PWM described previously, the frequency used to generate stabi-
lized voltage ranges between 5,000 and 20,000 hZ.

The  ramp function controls the rate at which the current applied to the coil, will 
increase or decrease (known as ramp time). Some controllers have two adjustments 
for the ramp.  These are known as independent ramps. One controls the time it takes 
for current to increase and the other controls the time it takes the current to decrease. 
If one potentiometer is used, it controls one or both of the ramps. If it controls both, 
then the increasing and decreasing ramp are known as dependent ramps. A small 
potentiometer is built into the controller to vary the ramp. Depending on the direction 
in which it is turned, it either increases or decreases the ramp time.

Emergency
Switch

Potentiometer

Battery

Fuse

Stable
Voltage

Ramp
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The  IMIN adjustment is used to modify the minimum current applied to the solenoid, 
in relation to the minimum setting of the external potentiometer or joystick. For 
example, the external potentiometer could be turned to the minimum setting (to give 
0.0 Amps), but the IMIN could be set to 200 mAmps. The adjustment of IMIN, as in 
the ramp function, is accomplished by turning a potentiometer, which is built into 
the controller.

 This adjustment is used to limit the output from the controller when the setting of 
the external potentiometer is at its maximum. For example, assume that when the 
potentiometer is set to maximum, the maximum output from the controller could 
be 2.0 Amps (or whatever current gives the maximum desired output from the valve).  
With the IMAX adjustment, the output could be limited to 1.0 Amp. IMAX can also be 
varied by a potentiometer on the controller. 

  The box marked Dither represents either Dither or PWM (both are explained in detail 
in the previous section). In each, this box controls the frequency of the signal which 
is varied by a potentiometer located on the controller.

The  voltage to current converter takes all the preceding signals or inputs along
 with the system voltage, adds them together and outputs a regulated current. 
Regulated current is used because the force of the solenoid is determined by the 
current multiplied by the number of turns on the coil.  If the output was in volts, 
the external potentiometer would constantly need to be adjusted, to maintain a 
constant current at the coil.  This is discussed in more detail in the previous 
section of voltage vs. current.

I-Min

I-Max

Dither
or

PWM

U

I
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Summary

In this chapter the following concepts were presented:

• Smooth DC, PWM and Dither are different voltage signals that could be
 applied to the coil.

• How the coil force would decrease if constant voltage was used to control a 
 proportional valve.

• How a potentiometer works.

• The features built into an electronic control such as IMIN, IMAX and Ramp.

• How PWM and Dither are used to decrease hysteresis in a valve.
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Review Questions

Use the following review questions as a measure of your understanding of the chapter material. 
Answers are provided in the appendix.

1. Why would a potentiometer be used instead of an electronic controller? 

2. What source does smooth DC come from?     

3. What does the acronym PWM designate?

4. Defi ne PWM.

5. At what percentage is the duty cycle of dither fi xed.

6. Threshold and maximum current can also be referred to as?

7. True or False. Maximum current is the level of current applied to the 
 coil that results in the maximum rated output for proportional valves.

8. What does the ramp function do?

9. What are dependent ramps? Independent ramps?

10. True or False. Current driven is associated with powering the coil 
 from a source which has no control on current, such as a battery.

11. What is the advantage of using current control over voltage control?

12. What is the function of a potentiometer when connected to        
 an electronic controller?

13. Give an example of a device in which potentiometer can be found.
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Chapter 3: Pressure Controls - Introductory 

Objectives

The objectives for this chapter are as follows:

• Become familiar with the terms pressure rise and pressure droop.

• Learn what the pressure control range is.

• Understand what hysteresis is, how it is determined and what causes it.

• Discuss how hysteresis is minimized through the effects of PWM.

Introduction

This chapter begins by explaining simple terminology associated with the 
performance characteristics of proportional valves. These include control 
range, hysteresis, and response time.  After defi ning hysteresis, the factors 
that contribute to it are discussed. 

HydraForce and the HydraForce logo are registered trademarks of HydraForce, Inc. 
The entire content of this manual is copyright 2008 HydraForce, Inc. All rights reserved.
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Oil To Hydraulic Circuit

Seat

Poppet

Spring

Pressure

Spring

 Pressure Control Introduction

 Relief Valve

Before explaining the terminology associated with a pressure control, we will 
briefl y discuss what a pressure control is. A pressure control valve is one that 
regulates or maintains the pressure of a hydraulic circuit. This is typically ac-
complished by holding a poppet on a seat. However, other methods also exist.  
Shown below is a simple schematic of a relief or pressure control valve.

In the schematic above, the system pressure measured by the pressure gage is 
maintained by the poppet opening and closing. The opening of the poppet 
allows oil to escape when the pressure force exerted by the oil, exceeds the 
spring force (see the fi gure to the right). In other words, the valve relieves 
the pressure.

The following two sections defi ne two operating parameters or performance 
characteristics of a pressure relief valve. These are crack pressure and pressure 
rise. Both will be further described in the following chapter under Performance 
of TS38-20 and Operation of TS38-20.

 Crack Pressure

Crack pressure is the pressure which exerts a force that is just greater than the 
spring force. HydraForce typically defi nes the crack pressure (also known as 
the pressure setting) as the pressure which allows 0.25 gpm to fl ow through the 
pressure control. (The crack pressure is also indicated on the following graph 
as PC).
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 Pressure Rise

Pressure rise is an increase in pressure, above the pressure setting of the valve. 
This characteristic is typically associated with relief valves. An example circuit 
which has a pressure control such as the TS10-26, is shown below. Assume that 
the current applied to the TS10-26 is such that the regulated pressure (crack 
pressure) is 2000 psi. The graph next to the circuit shows how the pressure rises 
as increased fl ow passes through the TS10-26 when the needle valve closes.

In order to separate the pressure drop of the system from the performance of the 
valve, the pressure is typically measured using a differential pressure transducer. 
This is noted above as ΔP. The differential pressure is simply a measurement 
made by subtracting the pressure at the outlet of the valve from the pressure at 
the inlet of the valve. The pressure rise is described as a ratio or the change in 
pressure divided by the corresponding change in fl ow. This can be found using 
the following relation:

Pressure rise is a parameter or performance characteristic used to select the size 
of the relief valve. As the graph above shows, the larger valve has a lower pres-
sure rise than the smaller valve. A lower pressure rise characteristic is desirable 
to better protect a hydraulic system. A relief valve is used to protect the system 
from being over pressurized. The setting of the relief valve is typically set at or 
just below the maximum continuous operating pressure that is allowed by the 
other components in the hydraulic system. These components include the pump, 
hoses, cylinders and other valves. It is set at this maximum level to take full 
advantage of the other components which maximize the effi ciency of the 
hydraulic circuit. If the pressure rise is too large or steep, the pressure applied 
to the other hydraulic components may be so great that it causes them to fail.

 larger valve: change in pressure  =  P3 - P1  =  pressure rise
   change in fl ow  Q2 - Q1  per fl ow

 smaller valve: change in pressure  =  P4 - P2  =  pressure rise
   change in fl ow  Q2 - Q1  per fl ow
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Pressure Reducing/Relieving Valve

To Downstream
Functions

Work
Port

Oil

Inlet Port

Tank
Port

Load

Spool

Spring

Pressure

Spring

 Pressure Reducing/Relieving Valve

The schematic above shows a simple pressure reducing/relieving valve. The 
spool controls the pressure at the work port, to which a load is connected. 
Notice that there is also a relief valve in this circuit. This is required to control 
the pressure in the entire circuit. The pressure reducing/relieving spool is only 
used to decrease the pressure below the setting of the relief valve. As in the 
relief valve, the pressure pushes against a spool which in turn pushes against the 
spring. When the pressure exceeds the spring force, the spool moves toward the 
spring. The connection between the inlet and the work port is then decreased. If 
the pressure at the work port  continues to increase, it will push against the spool 
and compress the spring more. Eventually, some of the oil will be relieved to the 
tank.

The following section defi nes a performance characteristic of the reducing/re-
lieving valve known as pressure droop. The cause of pressure droop will be 
discussed in the following chapter under operation of the EHPR08-33. Also 
noted above is that this type of valve can act as a pressure relieving valve. The 
pressure rise and pressure droop characteristic will be combined into a single 
graph in the following chapter under Performance of EHPR08-33. 

 Pressure Droop

Pressure droop is another term associated with pressure control valves.This 
occurs when the pressure, which is maintained by the pressure reducing valve, 
falls below the set pressure as fl ow increases. In order to separate the effects of 
system pressure losses, a differential pressure measurement can be made.



Chapter 3: Pressure Controls - Introductory Concepts

 Electro-Hydraulic Proportional Valves Manual  Page 23

Represents
System Load

Q

P

P
re

ss
u

re
 (

P
)

Pressure Droop

P4
P3
P2

P1

PC

Q1 Q20.25gpm

Flow (Q)

Larger Valve

Smaller Valve

Pressure droop, like pressure rise is a performance characteristic used to select 
the correct size valve. When reviewing pressure droop, a smaller amount is 
more desirable. However, the amount of droop must be weighed against the 
size, cost and maximum fl ow rating of the valve.

 Repeatability and Reproducibility

Repeatability is a term that refers to the performance of one valve. It is found by 
testing one valve 30 times. While testing the valve, a pressure vs. current graph 
is recorded. This graph looks similar to the one shown under Pressure Range.  
The maximum and minimum pressure or fl ow at a given current level are used 
to determine repeatability. This is found by dividing the minimum pressure by 
the maximum pressure and multiplying by 100. This percentage defi nes the 
repeatability of the valve.

Reproducibility is a term that refers to the performance of several valves. It is 
defi ned by testing 30 valves one time each. As with repeatability, the maximum 
and minimum pressure or fl ow at a given current level can then be used to defi ne 
reproducibility. Again, this is found by dividing the minimum pressure by the 
maximum pressure and multiplying by 100. This percentage defi nes the 
reproducibility of the valve.

Both repeatability and reproducibility are typically defi ned between 20 to 80% 
of the operating range.  PWM voltage is applied to the coil such that the hys-
teresis is at a minimum.  The current is ramped at a smooth and consistent rate 
over a period of 60 seconds or more.

The equation to describe pressure rise is also the same as used to describe 
pressure droop.  The equations are shown below.

 larger valve:  P4 - P2  =  pressure droop
   Q2 - Q1  per fl ow

 smaller valve:  P3 - P1  =  pressure droop
   Q2 - Q1  per fl ow
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Maximum Pressure

Pressure
Control Range

Minimum Pressure

Threshold
Current

Maximum
Current

 Control Range

The control range is associated with the terms threshold and maximum current 
which were introduced in Chapter 2. It is the pressure which can be controlled 
between the threshold and maximum current. This is illustrated in the graph 
below.

Any pressure between the upper 
and lower pressure defi ned by 
this range can be selected by 
applying the corresponding 
current between the threshold 
and maximum current.
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Hysteresis = x 100
0dec - 0in

0max - 0min

 Hysteresis

Hysteresis is the difference between increasing and decreasing input at a given 
output. This concept is described in the following example. 

Where:

Ith = threshold current

Ih = current where hysteresis is measured

Imax = maximum current 

Omin= minimum output

Oin = output when current is increased

Odec = output when current is decreasing

Omax = output at maximum current

The previous graph is made by increasing the current applied to the solenoid 
until the maximum current is reached. The current is then decreased until the 
output drops to zero. The hysteresis in the graph is the difference between the 
measured output when the current is increasing and then decreasing. This 
number is then divided by the output range (fl ow or pressure). It is then 
multiplied by 100 because hysteresis is typically given in percentages. 
The following equation can be used to determine hysteresis.

Omax

Odec

Oin

Omin

Output (Flow or Pressure)

Input (Current)

I th Ih Imax
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Since hysteresis can vary across the control range, as shown in the following 
graph, it is usually defi ned at 50% of the current range. In this example, 
hysteresis is higher at the lower end of the output. In addition, due to varying 
hysteresis, it is sometimes tabulated at different current levels.

Output
(Flow or

Pressure)

Input (Current)

I1

I1

I2

I2

I50%

I50%

I3

I3

I4

I4

H1

H2

H50%

H3

H4
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Force

Current

Magnetic
Hysteresis

What Causes  Hysteresis?

Hysteresis is the result of several negative or adverse forces acting on the 
components of the proportional valve. These forces are categorized as magnetic 
forces and mechanical forces. The magnetic force at work is known as magnetic 
hysteresis, or residual magnetism. Magnetic hysteresis occurs in the magnetic 
parts of the solenoid actuator of a proportional valve. As current is increased, 
the parts become more magnetic, causing the magnetic force to increase. 
When the current decreases, the magnetic force decreases as well, but the 
current needs to be decreased further to reduce the magnetic force back to its 
original state. The following graph shows a hysteresis curve for the proportional 
actuator shown beside it.  The graph was made by holding the armature in place 
while the current was varied.     

Other forces which act to produce hysteresis in the 
valve are the  mechanical friction and  viscous forces. 
Both of these forces can occur when the plunger 
slides against the tube subassembly or guide tube.  
Mechanical friction exists between any two 
objects sliding against one another. The viscous 
force is caused by the fl uid between these two 
sliding objects.  As one object moves, the fl uid 
attempts to hold it in place. 

EHPR08-33
Actuator
and Coil

Magnetic
Parts

Coil Shell

Solenoid Coil

Plunger

Pole Piece

Guide Tube
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Of the forces involved in causing hysteresis, mechanical friction is usually the 
strongest and magnetic hysteresis is the weakest. Occasionally, viscous forces 
are greater than the mechanical friction forces. In this case, fl uid viscosity is 
high, or in other words, the oil is thick which may occur in cold temperatures. 

In the design of its valves, HydraForce minimizes the friction forces by 
machining the parts to provide a smooth fi nish and applying low friction 
coatings such as Tefl onTM, to make them slide easily. Magnetic hysteresis is 
minimized by selecting appropriate materials (low carbon steel) and annealing 
(softening of the material). The viscous forces are minimized by optimizing 
the clearances between parts and the size of the internal orifi ces.

Effects of  PWM and  Dither

Despite the efforts of HydraForce to minimize hysteresis through valve design, 
it still exists to some degree. PWM or dither is applied to the proportional coil 
to reduce any hysteresis that may still be present. Refer to Chapter 2 for more 
information on PWM and dither.

PWM reduces hysteresis by keeping the armature in constant motion. This 
motion reduces the viscous force to a negligible amount, because the motion 
continuously breaks the bond between the plunger and guide tube. The magnetic 
hysteresis is reduced because the current continually rises and falls. A change in 
current is always accompanied by a change in magnetism. Notice in the second 
graph where PWM voltage was applied to the solenoid, that the hysteresis or 
distance between the increasing and decreasing pressure is reduced.

Pressure

I Decreasing

I Increasing I Increasing

I Decreasing

Current Current

Pressure
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 Linearity

Linearity is a measure of how well a curve approximates a straight line. 
The method of measurement for linearity is best demonstrated by the example 
below as shown in the graph. The linearity of a given characteristic is typically 
measured between 20 to 80% of the operating current range.

Maximum Deviation
 from a Straight Line

Theoretical
Straight Line

Actual Performance

20% of Current Range

Current Range

80% of Current Range
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Summary

In this chapter the following concepts were presented:

• The pressure and current levels that defi ne the pressure control range.

• What hysteresis is, how to determine it from a graph and what causes it.

• How PWM reduces hysteresis.

• Valve performance characteristics were defi ned, specifi cally, pressure rise,
 droop and compensation.

• The defi nitions of repeatability, reproducibility and linearity.
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1. Defi ne pressure rise.

2. Is pressure droop dependent on the fl ow through the valve?

3. True or False. Pressure compensation refers to the fl ow varying,
 regardless of the change in pressure.

4. How is the pressure control range identifi ed?

5. Defi ne hysteresis.

6. Does the magnetic force increase or decrease as current is increased.

7. What methods are applied to the proportional coil to minimize any
 existing hysteresis?

8. What causes hysteresis?

9. Defi ne pressure range.

10. True or False.  Hysteresis is only dependent on mechanical friction.

Review Questions

Use the following review questions as a measure of your understanding of the chapter material. 
Answers are provided in the appendix.



Chapter 3: Pressure Controls - Introductory Concepts

Page 32  Electro-Hydraulic Proportional Valves Manual

Notes:
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Chapter 4: Direct-Acting Pressure Controls

Objectives

The objectives for this chapter are as follows:

• Learn about direct acting proportional pressure control valves.

• Become familiar with the operation of the manual override in the TS valves.

• Become familiar with the bleeding screw feature available on the TS valves.

• Recognize the difference between the force motor and linear proportional
 actuator.

• Understand the performance graphs associated with proportional pressure
 controls.

• Recognize the differences between the TS38-20 and the TS38-21 valves.

• Learn about the EHPR08-33.

 

Introduction

In this chapter, we will look at design, construction and operating parameters 
of the direct acting pressure control valves available from HydraForce. 
The discussion begins with two different types of direct acting relief valves. 
One of which increases pressure as current is increased and the other where 
the control pressure decreases as current is increased. The fi nal valve that we 
will look at is a direct acting pressure reducing and relieving valve.

HydraForce and the HydraForce logo are registered trademarks of HydraForce, Inc. 
The entire content of this manual is copyright 2008 HydraForce, Inc. All rights reserved.
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 TS38-20    

The TS38-20 is a  direct acting pressure relief valve which is used to control the 
pressure of the hydraulic system. It is considered a direct acting valve because the 
poppet is the main hydraulic controlling element and directly controls the pressure. 
In addition, it can be used to control the pressure applied to a cylinder, motor or 
another valve.

The cross section shown below is that of the TS38-20 valve. The following  sections 
describe how the valve works, the forces acting on the components and the various 
operating parameters. Also included is a section on the  manual override operation 
and bleeder screw operation.  Note the TS38-20 is available without the manual 
override option.      

Inlet

Tank

Bleeder Screw

Plunger

Push Pin

Pole Piece

Tube Subassembly

Guide

Poppet

Seat

Cage

Manual Override
Adjusting Screw
Spring 1

2

Base Model

TS38-20   X  M - O -X - OO

Coil Voltage / Termination: (O) Less Coil

Seal Type

Body Ports and Material: (O) Cartridge Only

Option: (M) Manual Override

Pressure Range
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 Performance of TS38-20

The following graphs illustrate typical performance of the TS38-20A with and 
without current applied. Graph 1 shows the pressure drop through the valve when no 
current is applied and the fl ow varies. Graph 2 shows the pressure dependency on the 
input of current. Graph 3 shows the relation between fl ow and pressure with fi xed 
levels of current applied to the coil.

The graph above shows three sets of lines or pressure drop curves. Each set is 
designated by a letter, either A, B or C which indicates the pressure range. The 
pressure drop for A is higher than that for C because the seat for A is smaller than 
the one for C.  A smaller seat or orifi ce means that the fl ow restriction is higher, 
increasing the pressure drop. There are two lines (solid and dashed) for each 
pressure control range.  Two lines are shown because the pressure drop through 
the valve is dependant on the way the valve is mounted (positioned relative to the 
ground). A diagram of mounting positions is shown on the following page. If the 
valve is mounted vertically (nut side up), the weight of the plunger pushes down 
on the poppet. Pressure is required to push the poppet off its seat before oil can 
fl ow. This is refl ected in the small offset shown between the solid and dashed lines.

Pressure Drop vs. Flow Characteristic – Graph 1
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The following diagram shows three positions in which valves may be  mounted. 
The picture on the left shows the valve mounted parallel or horizontal to the ground. 
In this case, the cylindrical part o f the coil and valve are laying on their side. 
The center picture shows the axis of the valve is perpendicular to the ground and is 
mounted with the nut furthest from the ground. The picture on the right also shows 
the valve mounted vertically with the nut side facing down.

Horizontal
Mounting

Vertical Mounting
(Nut Side Up) Vertical Mounting

(Nut Side Down)

Nut

Ground
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Shown above is the pressure vs. current graph for the TS38-20. Several pieces of 
information can be extracted from this graph. These include:  threshold current,  
pressure range and  hysteresis.

Notice in Graph 2 the threshold current is zero. This occurs because there is no force 
initially opposing the magnetic force developed by the current. A force which would 
initially work against the magnetic force is the spring. Since there is no spring 
opposing the plunger, there is no threshold current required. The spring shown in 
the manual override portion of the valve will be discussed later in this chapter. 
Recall that threshold current is defi ned as the current level which produces a 
change in the output, in this case a change in pressure. Graph 2 shows that there 
is an immediate change in pressure with the smallest amount of current.

Recall from Chapter 3 that the pressure range is the pressure between the threshold 
current and maximum current. There are three pressure ranges for the TS38-20: 
A: 0-3000 psi, B: 0-2000 psi and C: 0-1000 psi.

The hysteresis shown in the curves above is less than 3.3%. Recall that hysteresis 
is a measurement of how far apart the increasing and decreasing lines are from one 
another for a particular pressure range. Looking at 50% current for the A pressure 
range, shows there is a difference of 100 psi between the two curves, with a range 
of 3000 psi. This produces a hysteresis of 3.33% ((100 psi / 3000 psi) x 100). 
As  mentioned in Chapter 2, the use of dither decreases hysteresis. If dither or 
PWM is not used in this case, the hysteresis is 7% or less.

Relief Pressure vs. Current – Graph 2
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The following graph describes the  pressure rise of the TS38-20. This graph shows 
how the pressure increases as the fl ow increases when a fi xed level of current is 
applied to the coil. Pressure increases because of the pressure drop through the valve.

Relief Pressure vs. Flow Characteristic – Graph 3
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TS38-20

Plunger

Coil

Pole Piece

Tube
Sub-Assembly

 Forces of TS38-20

The operation of this valve, as in all other valves discussed in this manual, is 
 dependant on balancing the forces acting on the hydraulic components. Since 
forces such as viscous and mechanical friction, along with residual magnetic force 
or hysteresis have already been reviewed in Chapter 3, the remainder of the manual 
will focus on the dominant forces. These include the spring force, pressure force, 
 magnetic force and fl ow force. Not all these forces are present or exist to a signifi cant 
degree in all valves. The two main forces that will be covered on the TS38-20 are 
the magnetic force and the pressure force.

 Magnetic Force

The type of solenoid actuator used in the TS38-20 is known as a fl at face actuator 
or force motor. The part of the valve that makes up the actuator is shown below.

The actuator is termed  fl at face because of the fl at surface between the two elements. 
The term  force motor comes from the relation of the actuator elements to elements 
found in a common electrical motor. These elements are the winding, armature and 
pole piece. The armature and pole piece make up what is known as a  stator in a 
motor. The stator is the part of the motor that becomes magnetic when the coil is 
turned on. A motor spins or rotates. The motor generates torque which is work that 
can be used to spin another device attached to the motor. In the case of a fl at face 
actuator, it generates force that can move something in a straight line. In other words, 
the actuator is an electric motor that generates force instead of torque. Thus the term 
‘force motor’.



Chapter 4: Direct Acting Pressure Controls

Page 40  Electro-Hydraulic Proportional Valves Manual

The graphs below show the force vs. air gap as well as the force vs. current charac-
teristic. The graph on the left shows the force decreasing as the air gap increases.  
Because of this continual change in force, valves with this type of actuator typically 
use only a limited amount of air gap or stroke. The graph on the right shows how the 
force from the actuator increases proportionally with the increase in current. 

If the change in  air gap was not limited to a small amount (approximately 0.005 
inches, or the difference between X1 and X2) a different force would result for the 
same amount of current. Compare the force vs. current graphs for air gap X1 and X2.  
Notice that these differ only a small amount. Therefore, if the armature is at X1 and 
the same amount of force is required as the X2 graph, the current only needs to be 
increased slightly. However, if the armature was at X1 and the same force was 
required as the X3 graph, the current would need to be increased greatly.

Force Force

Air Gap Current
Amount of Armature

Movement During
Valve Operation

Plunger
Fixed at X2

Plunger
Fixed at X3

Plunger Fixed at X1

X1 X2 X3 I1 I2 I3 I4

I4

I3

I2

I1
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Pressure Force

T he pressure at the inlet acts on or pushes on the poppet, as shown in the diagram 
to the below. The type of poppet used in the TS38-20 is known as a  differential area 
poppet. This means that the pressure is acting on two different areas. Differential 
area poppets are used because there is a limitation on the amount of magnetic force 
which the actuator can develop. For the poppet shown, the pressure force is found 
as follows:

Force = Pressure x Area or F = P x A

The total pressure force is, FP, is based on the difference between F1 and F2 where:

F1 = Force acting on seat of poppet = P x A1

F2 = Force acting on stem of poppet = P x A2

FP = F1 - F2 = (P x A1) - (P x A2) = P(A1-A2)

P P

FTotal

A2

Tank

A1

Inlet

P
A1
A2

=
=
=

Pressure
Poppet Seat Area
Poppet Stem Area

P P
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 Operation of TS38-20

When current is applied to this valve, pressure builds in the system. An example of 
a system which could use this valve is shown on the following page. In this circuit, 
as the pressure increases, the torque developed by the motor increases. If the current 
is held at a certain level, the pressure and torque also remain at that level. When no 
current is applied, the pressure in the system is simply the pressure drop through the 
valve. 

Where:
FM = the magnetic force 
FP = the pressure force

A-B B-C C-D

FM FM

Q

Q

FP FP FP
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The graph below describes the pressure and fl ow of the hydraulic circuit below as 
well as the current applied to the coil. In addition, the diagram of the poppet on the 
previous page is related to the graph. From points A-B, there is no current applied 
to the coil. The pressure measured in the system is the pressure drop due to the fl ow 
through the valve. When current is applied (B-C portion of graph), the magnetic 
force (FM) or attraction between the pole piece and plunger builds. As a result, the 
poppet is pushed on its seat.  This blocks the fl ow from the inlet of the valve to the 
tank. The pressure at port 1 builds until the pressure force (FP) equals or exceeds the 
magnetic force. Oil then begins to relieve to tank so that the magnetic force and 
pressure force remain in balance (C-D portion of the graph).

Controller Oscilloscope

2

1
Pressure

Current

Flow

C

A B

Flow

Pressure

Current
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 Manual Override Operation

The  manual override is to be used only in case of loss of electrical power to 
the solenoid or a failure of the solenoid itself. In other words, it is to be used in 
emergency situations. The manual override in the TS38-20 is known as a screw style. 
The TS38-20X is a version of the same valve with no manual override. Initially, the 
spring is free to fl oat between the plunger and the manual override screw. As the 
screw is turned, it eventually comes in contact with the spring and it begins to com-
press the spring. The force applied to the opposing parts, in this case the plunger, 
increases linearly. The increase in force is directly related to the amount the spring 
is compressed. That is, force is equal to the distance of compression multiplied by 
the rate of the spring (F = D x R). The rate is a measure of how stiff the spring is. 
The stiffer the spring is, the greater the force. The spring force replaces the magnetic 
force. The number of times the adjusting screw is turned is superimposed on the 
pressure vs. current graph to the right.

Manual
Override
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It is important to note that if the manual override screw is not fully backed out 
(turned full counter clockwise), then the amount the spring is compressed will add 
to the force developed by the solenoid. The lower graph illustrates this concept. 
Note that the pressure starts at 500 psi when no current is applied. This offset is due 
to the fact that the manual override screw is turned clockwise 1/2 to 1 turn. Since the 
spring force is added to the magnetic force, the manual override must be turned full 
counterclockwise during normal operation of the valve. If this is not done, the 
maximum pressure controlled by the TS38-20 may exceed the rating of the rest 
of the hydraulic system.

While the manual override should typically be used only in an emergency, it could 
also be used to set the minimum pressure. As noted in the graphs on the previous 
page, if the manual override is turned in approximately 1/2 turn, the minimum 
pressure setting of the TS38-20A will be between 200-400 psi, even when no current 
is applied. For every 1/2 turn from that point, the pressure will increase approximate-
ly 500 psi. In order to protect the other hydraulic components in the system, IMAX 
from the controller would need to be limited to a level with the rating of these com-
ponents. Another method which could be used to set the minimum pressure would 
be through the use of the IMIN control. In this case, current would need to be applied 
to the coil to reach that minimum current.
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TS38-21

The TS38-21 is a direct acting, single stage pressure control valve. Like the TS38-20, 
it can be used to directly control the pressure in a hydraulic circuit. However, because 
of its limited fl ow capability (0.3 gpm), it is typically used as a pilot element for 
larger spools. A cross section of it is shown in the diagram below. It works opposite 
to the way the TS38-20 valve works, meaning, as current is increased, the pressure 
decreases. The performance, forces and operation of the TS38-21 will be presented 
in the following sections.

Pole Piece (Plug)

Shim

Tube Subassembly

Spring

Plunger

Cage

Poppet

Inlet

Tank

1

2

Base Model

TS38-21  -O-X-OO

Body, Ports & Material: (O) Cartridge Only

Voltage / Termination: (O) Less Coil

Seal Type
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 Performance of TS38-21

The fi rst graph shown below is the pressure vs. current graph. Notice that the pressure 
at no current is high and as current is applied, the pressure decreases until approxi-
mately 89% of maximum current, at which point the pressure levels off. This will be 
further discussed in the operation of the valve.

The  pressure range for this valve is 3000 to 150 psi. The hysteresis shown above is 
30% with 200Hz PWM or dither current applied to the coil. The threshold current 
is zero, even though there is a spring opposing the armature. This too will be further 
discussed in the operation section.

Graph two shown below depicts the change in pressure as the fl ow increases. 
This change in pressure is a direct result of the pressure drop through the valve 
as shown in Graph 3.

Relief Pressure Vs. Flow – Graph 2
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Pressure Drop Vs. Flow – Graph 3
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Area

Pressure
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FP

 Forces of TS38-21

The three dominant forces which will be reviewed are:
 FM =  Magnetic Force
  FS = Spring Force
  FP = Pressure Force

The magnetic force which is present in the TS38-21 is 
from a force motor or fl at face actuator, as 
described in the TS38-20.  The spring force opposes the 
armature (magnetic) force and at the same time, holds 
the poppet on its seat.  The pressure force pushes the 
poppet up against the spring.  These two forces will be 
described below.

Spring Force

The type of spring inside the TS38-21 as well as the other valves in 
this manual is known as a  compression spring. It is called this because 
the force of the spring increases as it is compressed. In the TS38-21, 
the spring is compressed between the adjuster in the pole piece and the 
plunger. The adjuster in the pole piece is used to consistently set the 
initial or installed force of the spring. This setting is only done in 
the factory. The following equation describes the spring force.

 Force = Rate x Amount compressed

The rate is a constant describing how stiff or diffi cult it is to compress 
the spring. The stiffer the rating, the higher the force is for a given 
amount of compression.

Pressure Force

The pressure force acting on the poppet is similar to that of the 
TS38-20. However, in this case, the pressure acts directly on one 
area only rather than two. For this valve the pressure is described 
by the following equation:

 Force = Pressure x Area

Adjuster in
Pole Piece

Adjuster in
Pole Piece

Adjuster in
Pole Piece
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 Operation of TS38-21

The two graphs below will be used in describing the operation of the TS38-21.

When no current is applied to the coil of the TS38-21, the valve acts as a  mechanical 
relief valve. That is, it works like the relief valve described in Chapter 3. The pressure 
pushes up against the ball which in turn pushes on the plunger and spring. When the 
pressure force balances the spring force, the crack pressure is reached. If fl ow 
con tinues to increase, pressure across the valve begins to rise. This can be seen 
in graph on the left. 

If current is applied to the coil, the magnetic force begins to build. As the magnetic 
force increases, it works against the spring force. Since the spring force is now acting 
against the poppet and the armature, the pressure begins to decrease. As the current 
is increased, the pressure continues to decrease until the magnetic force exceeds the 
spring and the pressure in the system drops to 150 psi.
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The three diagrams above further clarify the operation of the TS38-21. In the diagram 
on the left, pressure is pushing on the poppet. No fl ow is passing through the valve 
however, because the spring force is greater than the pressure force. In the center 
diagram, current is applied to the coil, creating the magnetic force. The magnetic 
force assists the pressure force and oil begins to fl ow. In the third diagram, the 
magnetic force is even greater. More oil is allowed to fl ow, which results in a 
decrease in pressure.

The lowest value to which the pressure can be decreased is 150 psi, regardless of 
the current that is applied to the coil. The reason for this is that the shim between 
the plunger and the pole piece limits the movement of the plunger. This also limits 
the movement of the poppet. Because the poppet is still close to the seat, the pressure 
drop through the valve is 150 psi with a fl ow of 0.3 gpm or the minimum setting of 
the valve.

Spring

Spring

Spring

Spring

Spring

Spring

Magnetic Magnetic
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EHPR08-33 

The cross section of the EHPR08-33 is shown below. It is a direct acting  pressure 
reducing/relieving valve, used to control pressure at the work port (the port at which 
the load is connected), regardless of the inlet pressure. This is true as long as the inlet 
pressure is always greater than the control pressure. Direct acting means that there 
is one hydraulic component (the spool), within the valve controlling hydraulic 
pressure. This valve can be used to directly control pressure to a clutch. However, 
because the maximum operating fl ow is relatively small (1 gpm) for clutch applica-
tions, it is typically used to control pilot pressure applied to spools in larger valves. 
The performance, forces acting on the valve and operation of the valve will be 
discussed in the sections which follow. 

Plunger

Tube Subassembly

Pole Piece

Push Pin

Spring
Cage

Spool

Work

Inlet

Tank

1

2 3

EHPR08-33 M -O- X- OO

Base Model

Option: (M) Manual Override

Body Type: Cartridge Only (O)

Seal Code

Voltage / Termination: Less Coil (O)
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 Performance of EHPR08-33

The following graphs illustrate typical performance of the EHPR08-33. Graph 1 
shows the pressure vs. current performance. Graph 2 shows both the pressure rise 
performance when the valve works in the  relieving mode and the pressure droop 
when the valve works in the  reducing mode.

The graph above shows the pressure vs. current performance. Not only does it show 
how the pressure varies with current, it also gives other performance characteristics 
such as the  threshold current.  As the graph shows, the threshold current is 28% of 
the maximum current or 0.34 mAmp for a 12V coil.

The graph also shows the pressure range which is 0-375 psi for the  EHPR08-33. 
Unlike the TS38-20, there is only one pressure range available.

Another performance characteristic depicted by the curve is the  hysteresis. The 
hysteresis for the EHPR08-33 is less than 3% when dither or  PWM is applied to the 
coil. If  smooth DC current is applied to the coil, the hysteresis is 10%. (This is not 
shown in the graph.)
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The following graph shows the  pressure rise and  droop of the valve. The portion on 
the right shows the pressure droop or how the desired control pressure decreases as 
the fl ow increases. Pressure droop occurs when the fl ow is increased and the current 
is held fi xed, while the valve is reducing pressure. For example, the “46% of maxi-
mum current” line shows that when there is no fl ow through the valve, the control 
pressure is 94 psi. When there is 1 gpm, the control pressure is approximately 75 psi.

The pressure rise is also shown on this graph, and is associated with the relieving 
mode of the valve. The change in the work pressure is a result of the pressure drop in 
the valve. The graph shows the pressure rises by approximately 20 psi for a change in 
fl ow from 0 to 1.0 gpm.

Relieving and Reducing Pressure vs. Flow – Graph 2

Relieving Pressure 1 to 3 Reducing Pressure 2 to 1Flow (gpm)

Flow (lpm)

%
 o

f 
M

ax
im

u
m

 R
el

ie
f 

P
re

ss
u

re

P
re

ss
u

re
 (

B
A

R
)

%
 o

f M
axim

u
m

 R
ed

u
ced

 P
ressu

re

P
ressu

re (B
A

R
)

32.5

26.0

19.5

13.5

6.5

0

125

100

75

50

25

0

125

100

75

50

25

0

469

375

281

188

94

0
4.0 3.0 2.0 1.0 0 1.0 2.0 3.0 4.0

1.0 0.8 0.6 0.4 0.2 0 0.2 0.4 0.6 0.8 1.0

100% Max Control Current

82% Max Control Current

64% Max Control Current

46% Max Control Current

100% Max Control Current

82% Max Control Current

64% Max Control Curent

46% Max Control Current



Chapter 4: Direct Acting Pressure Controls

Page 54  Electro-Hydraulic Proportional Valves Manual

FP

P

A

Work

Inlet

 Forces of EHPR08-33

The forces acting on the valve components which will be 
considered in the following section are: 

   FP = Pressure Force
   FM = Magnetic Force
   FF = Flow Force
    FS = Spring Force

These four forces and the way they act on the EHPR08-33 will 
be described in the following section. The spring force is the 
same as was described for the TS38-21 and will therefore not 
be discussed in this section.

 Pressure Force

When the coil is energized, the spool moves down, connecting 
the inlet to the work port. The oil fl ows from the inlet to the 
work port and pushes up on the bottom of the spool. This area, 
multiplied by the pressure, gives the pressure force (P x A = F).

FM

FS

FF

FP
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 Magnetic Force

The type of actuator used in the  EHPR08-33 is a  linear proportional solenoid actua-
tor. It is called this because the force builds proportionally to the current. In addition, 
it is called linear because the armature moves in a straight line as opposed to a rotary 
actuator which turns like a wheel. The following graphs show how the force varies 
with the movement of the plunger or change in air gap and how the force varies 
with current.

Both graphs show that the force remains constant regardless of the position of the 
armature. This allows the stroke of the hydraulic element, which the armature 
controls, to be much greater as compared to the fl at face actuator. The drawback 
to this increased stroke is a decrease in force for the same size coil.

Force Force

I 4

I 3

I 2

I 1

Amount of Armature Movement
During Valve Operation
(Proportional Control)

Air Gap

Current

Plunger Fixed at
X1, X2, & X3

X1 X2 X3 I1 I2 I3 I4
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ForceFlow

If Then

ForcePressure

 Flow Force

In addition to the magnetic force, pressure force and spring force, a fourth force 
which acts on the spool would be the fl ow force. This force increases as the fl ow 
from port 2 to port 1 increases. As a result, the magnetic force is opposing two forces. 
In order for the forces acting on the spool to remain in balance, the pressure force 
needs to decrease. This is shown in the droop of the pressure in the reducing pressure 
vs. fl ow graph.

Forcemagnetic = Forcepressure + Forcefl ow

This is true as long as the current to the coil or magnetic 
force remains unchanged.

 Summary of Forces

The force can be summarized by the following equation: FM = FS + FF + FP

The interaction between the forces can be seen in the two graphs below.  The graph 
on the left shows two curves representing the performance of the valve as current is 
varied.  One curve gives the pressure when there is no fl ow or the oil is  dead-headed 
(maintaining the pressure in a fi xed volume of oil) at the work port.  The other curve 
on this graph depicts the performance when oil fl ows out of the work port.

The graph above-right shows how the pressure droops from the no fl ow (deadheaded) 
condition to full fl ow. There are two curves on this graph as well. Each represents a 
fi xed current level. Again, the pressure droop is caused by the fact that the magnetic 
force is held constant and the fl ow force is increasing as fl ow increases.

Pressure vs. Current Reduced Pressure vs. Flow

Pressure
(P)

Pressure
(P)

FM - FS + FP

FM - FS + FP + FF

FM = FS + FP + FF
I1

I2

FM ≤FS + FP

I1 I2

Current (I)
FM = FP Flow (Q)
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 Operation of   EHPR08-33

Refer to the graphs on the previous page as well as the diagrams below for the 
following section. 

The fi rst diagram shows the spool in transition. This is the point where all ports are 
blocked. In this case, the current was just applied to the coil, causing the plunger to 
move down against the spool, compressing the spring. This is shown in the pressure 
vs. current graph as the fl at part just before the threshold current is reached, or 
FM < FS + FP. The next picture shows when the spool has been pushed down by the 
armature and opens a small passage between the inlet and the work port. Oil fl ows 
downstream of the work port. If no more oil is needed downstream of the workport, 
the system is considered to be dead-headed. The spool then moves between allowing 
oil from the inlet to the work port (reducing) and the work port to the tank (relieving). 
The relieving mode is shown in the diagram on the right. 

Spring

Cage

Spool

Transition Mode Reducing Mode Rellieving Mode

Oil

Oil

Oil

Oil
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Summary

In this chapter the following concepts were presented:

• What a direct acting proportional valve is.  

• The function of the TS38-20 as well as how it works and the forces acting on it.

• The positions in which valves can be mounted.

• The manual override option is and how it works.

• The bleeder screw and how it is used.

• The performance, forces and operation of the TS38-20.

• The performance, forces and operation of the EHPR08-33.

• What a force motor or fl at face actuator is. 

• The force vs. air gap characteristic of a linear proportional actuator. 

• Why pressure droop and pressure rise occurs when using pressure 
 reducing/relieving valves. 
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Review Questions

Use the following review questions as a measure of your understanding of the chapter material.  
Answers are provided in the appendix.

1. Why is it important to assure that the manual override of the TS38-20     
 turned fully counterclockwise when power is applied to the coil?

2. Why is the stroke of the TS38-20 limited to 0.005 inches?

3. Describe the spring force.

4. What type of actuator is used in the EHPR08-33?

5. Does the force in the EHPR08-33 remain constant as the air gap changes? 

6. What is the hysteresis of the TS38-20 with PWM?

7. What is the pressure range of the TS38-21?

8. What is the typical application for the TS38-21?

9. What causes the pressure droop in the EHPR08-33?

10. Why is the EHPR08-33 typically used to pilot larger spool valves?
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Notes:
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Chapter 5: Pilot Operated Pressure Controls

Objectives

The objectives for this chapter are as follows:

• Learn how pilot operated pressure controls work.

• Become familiar with the three different proportional pressure
 reducing/relieving valves.

• Understand the difference between the TS10-26 and the TS10-27.

• Learn about the hysteresis and pressure ranges of the pilot operated valves.

• Recognize the forces acting on the components of the pilot operated valves.

Introduction

In this chapter, we will look at design, construction and operating parameters 
of the pilot operated pressure control valves available from HydraForce. The 
discussion begins with pilot operated relief valves. The relief pressure of one 
increases with increasing current, while the other decreases with current. The 
second set of valves to be discussed are the pilot operated pressure reducing 
and relieving valves. HydraForce offers three standard valves which meet this 
function. The differences between each will be described.

HydraForce and the HydraForce logo are registered trademarks of HydraForce, Inc. 
The entire content of this manual is copyright 2008 HydraForce, Inc. All rights reserved.
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 TS10-26

The cross section shown below is the TS10-26XM. This valve is considered a two 
stage or pilot operated pressure control valve. It is a two stage device because there 
are two components used to control hydraulic pressure. The fi rst one is the pilot 
stage which is made up of parts similar to the TS38-20 (see cross section below). 
The second stage is called the main stage. The pilot stage controls the main stage 
which in turn controls the hydraulic system pressure. Further explanation of how the 
TS10-26 works will be provided in the forces and operation sections following. Also 
included is an explanation of the performance characteristics. Note that the descrip-
tions provided in the following sections also apply to the TS12-26. This valve is a 
larger version of the TS10-26 and is designed for higher fl ows. The TS10-26 and the 
TS12-26 are available without the manual override option. Refer to the TS38-20 
section in Chapter 4 for the operation of the manual override and bleeder screw. 

 Performance of TS10-26

Manual Override
Adjusting Screw
Spring

Plunger

Guide

Poppet

Pole Piece

Seat

Orifice Disc

Bias Spring

Spool Subassembly

Cage

Inlet

Tank

Main Stage

Pilot Stage

Base Model

1

2

TS10-26 X X OOM- - -O

Voltage / Termination: Less Coil (O)

Seal Code

Body Type: Cartridge Only (O)

Option: Manual Override (M)

Pressure Range

Self Flushing Filter
Spool
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An example of the typical performance characteristics used to describe the function 
and proper application of the valve are provided in this section. Graph 1 shows the 
pressure drop. Graph 2 shows pressure vs. current and Graph 3 shows the pressure 
rise as fl ow through the valve changes.

The graph above shows the pressure drop across the main stage portion of the valve.  
Notice that the pressure is offset by 100 psi or 7 bar when fl ow is fi rst recorded. This 
indicates that some amount of pressure is required at the inlet of the valve before oil 
can fl ow. The pressure is required to overcome the spring which is acting on the main 
stage spool.  Also notice, unlike the TS38-20, there is only one curve. This one curve 
represents the pressure for all three pressure ranges. This will be discussed in the 
operation of the valve.

Pressure Drop Vs. Flow Characteristic - Graph 1
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The next graph shows the pressure vs. current characteristic for the three different 
pressure ranges. The pressure ranges are:       
   A = 100 to 3000 psi      
   B = 100 to 2300 psi      
   C = 100 to 1700 psi

Like the TS38-20, the threshold current is zero because there is no spring force acting 
on the poppet in the pilot section. There is an immediate change in pressure with the 
smallest change in current. The  hysteresis measured at 50% of IMAX in each of the 
previous curves is less than 3%. 
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Graph 3 above shows the pressure rise or increase in pressure setting due to 
increasing fl ow. These curves were made by varying fl ow from zero to 26.5 gpm 
(100 lpm) and recording the change in system pressure. A schematic for this test 
is shown below.

Relief Pressure vs. Flow Characteristic for
Pressure Range A – Graph 3
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 Forces on TS10-26

As with the previous chapter, the discussion of forces acting on the valve components 
will be restricted to the ones with the greatest magnitude. These are the magnetic 
force, pressure force acting on the poppet, spring force and the pressure force acting 
on the spool.  The fi rst three forces are exactly the same as the TS38-20. The remain-
ing force (pressure force acting on spool) will be described in the following section. 
These four forces and the direction in which they act on the parts are shown in the 
diagram below.

Manual Override Function Described
in Chapter 4 Under TS38-20

Flat Face Magnetic Force
Described in Chapter 4 Under TS38-20

Differential Area Poppet Force
Described in Chapter 4 Under TS38-20

Spring Force
Described in Chapter 4 Under TS38-20

Pressure Force Acting on Spool:
See the Following Section
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 Pressure Force on Spool

The diagram below shows the spool and the orifi ce disc. When the valve is in use, 
the pressure pushes up on the spool. When the poppet is off its seat (not shown here), 
oil fl ows through an orifi ce. There is a difference between P1 and P2 or P1 > P2.  
Therefore, P1 pushes the spool up, allowing oil to fl ow from port 1 to port 2.

Oil Flow

Pilot Orifice

Spool Orifice

P1

P2

oil

Port 1

Port 2
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 Operation of TS10-26

The graph below describes the pressure and fl ow of the hydraulic circuit as well as 
the current applied to the coil. From points A-B, there is no current applied to the 
coil. The pressure measured in the system is the pressure drop due to the fl ow through 
the valve. When current is applied (B-C portion of graph), the magnetic force or 
attraction between the pole piece and plunger builds. As a result, the poppet is pushed 
on the seat.  This blocks the oil in the pilot chamber. The spool is then pushed down, 
closing off the inlet from the tank port. This is shown in the middle diagram. When 
the pressure at the inlet is high enough to overcome the magnetic force, the poppet is 
pushed off the seat. The spool then moves, allowing oil to fl ow from inlet to tank.

 TS10-27

Controller Oscilloscope

I (Current)

Q
(Flow) P (Pressure)

Inlet Inlet Inlet

Tank TankTank
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The TS10-27 is a two stage pilot operated pressure control. It is made up of a pilot 
section from the TS38-21 and the main stage is similar to that of the TS10-26. The 
function of the TS10-27 is to maintain a high pressure setting when no current is 
applied. The difference between the TS10-26 and the TS10-27 from an application 
viewpoint, is that the TS10-26 increases pressure and the TS10-27 decreases 
pressure, with an increase in current. The components that make up the TS10-27 
as well as the forces acting on these parts are shown in the cross section below.

A description of the performance graphs can be found in the following section. 
However, there will be no discussion of the force acting on the TS10-27 or a 
description of the operation. This will be left as an exercise in the study questions 
at the end of this chapter. 

The forces listed above have been described in previous sections. These are:  
- magnetic force, described in Chapter 4 under TS38-20     
- spring force, described in Chapter 4 under TS38-21     
- pressure force acting on the poppet, described in Chapter 4 under TS38-20  
- pressure force acting on the spool, described in this chapter under TS10-26 

Main
 Stage

Pilot
Stage

Adjusting Screw

Plug (Pole Piece)

Shim
Plunger

Tube Subassembly

Spring

Poppet

Guide & Seat

Spring

Spool

Cage Tank

Inlet

Magnetic Force

Spring Force

Poppet Pressure 
Force

Spring Force

Spool Pressure 
Force

1

2

TS10-27- X - 0 - 0 - 00

Base Model

Voltage / Termination:
Less Coil (O)

Seal Code

Body Type:
Cartridge Only (O)
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Pressure Drop vs. Flow Characteristic – Graph 2
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 Performance of TS10-27

The three performance graphs used to describe the operating characteristic of the 
TS10-27 are shown below.  The fi rst graph shows the pressure vs. current 
characteristic for the three standard pressure ranges. 

 A = 3000 to 100 psi        
 B = 2000 to 100 psi        
 C = 1000 to 100 psi

The  hysteresis for each shown is 5%.  
The threshold current is zero as in the 
TS38-21. As in the TS38-21, although 
there is a spring opposing the arma-
ture, this spring force is balanced 
against the pressure force acting on 
the poppet.

The second graph shows the pres-
sure drop characteristic when IMAX is 
applied to the coil. This same curve 
is also shown in the third graph as 
the line labeled 100% of max control 
current.

Relief Pressure vs. Current (DC) Characteristic – Graph 1
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The third graph shows the change in the pressure setting as fl ow changes when 
current is held at a fi xed level. The pressure rise is similar to that of the TS10-26 
because the design of the main stage portion of the valve is nearly identical. At IMAX, 
the minimum pressure setting of the valve is 100 PSI. This level, as in the TS10-26, 
is due to the spring and orifi ce in the main stage spool.

Typical Relief Pressure vs. Flow Characteristic
Pressure Range A – Graph 3
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 TS98-30 &  TS10-36

The TS98-30 and TS10-36 are the HydraForce standard pilot operated, proportional 
pressure reducing/relieving valves. There are some differences between each, either 
in performance or construction. Each section will begin with a description of the 
TS98-30, and then the differences between the valves will be discussed. The follow-
ing section will show the cross section of each of the two valves and point out the 
construction differences between the three. The next section will discuss the typical 
performance characteristics associated with these valves, followed by a presentation 
of the forces acting on the valve and how the valves operate.

TS98-30-0 - X - 00

TS10-36-0 - X -00

TS98-30

3

4 2 1

TS10-36

1

3 2

Base Model
Body Type: Cartridge Only (O)

Seal Code

Voltage / Termination: Less Coil (O)

Base Model

Body Type: Cartridge Only (O)
Seal Code

Voltage / Termination: Less Coil (O)
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Construction Differences

 TS98-30

This valve uses an 08-size coil and is 
installed in a 10-size 4-way special 
cavity. The TS98-30 can reduce to 
zero psi. It is typically used with inlet 
pressures up to 500 psi. There are 
specials available which allow for 
inlet pressure up to 2000 psi. The 
tank and work port are connected 
when no current is applied to the coil. 
The pilot fl ow is supplied from inlet 
port 2. (Note: it is not recommended 
to connect the inlet at the bottom of 
the valve. Doing so would restrict 
the fl ow.)

TS10-36

This valve uses a 10-size coil and 
is installed in a 10-size 3-way 
standard cavity. This valve is not 
able to reduce to zero psi. This 
valve can operate with inlet 
pressures up to 3000 psi. It has 
three optional pressure ranges. 
The inlet port is initially connected 
to the work port. The pilot fl ow is 
supplied from work port 1.

Tank

Work

Inlet

Tank

Work

Inlet

Tube Subassembly Tube Subassembly

Plunger

Pole Piece

Guide
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Seat

Spring

Spool

Cage
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Spool
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Spring
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 Performance of TS98-30 / TS10-36

The following sections describe the performance graphs associated with the pilot 
operated pressure reducing/relieving valves. The fi rst graph shown below is the 
pressure vs. current map or characteristic for the TS98-30. This graph gives 
important performance indicators such as pressure range, threshold current and 
hysteresis. This graph shows that the pressure range is from 0 - 300 psi. The 
threshold current is 20% of the maximum control current, where the maximum 
control current for a 12V coil is 650mA. The graph was developed by applying 
200 Hz PWM or dither current to the coil. The  hysteresis shown is 3%.

TS98-30
Reduced Pressure vs. Current Characteristic – Graph 1
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TS10-36 — Graph 2
Reducing Pressure vs. Current (DC) Characteristic
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XY Plotter

XY Plotter

The pressure vs. current graph for the TS10-36, shown on the previous page is 
different from the TS98-30. This graph begins at 100 psi because the inlet and 
work port are initially connected. A more detailed explanation can be found in the 
operation section. Also note that there are three different curves indicating three 
different pressure ranges.

The graph below is the reducing and relieving pressure plotted against the fl ow, 
for the TS98-30.  Below that is the hydraulic test circuit for both the reducing 
function and the relieving function.

Each test was performed by setting the current applied to the coil, at a given 
percentage of the IMAX. The needle valve in either circuit is slowly opened and the 
corresponding pressure vs. fl ow characteristic is graphed for that current level.  

No chart is shown for the TS10-36. The characteristic is similar to that of the 
TS98-30, although the pressure levels differ.

TS98-30
Reducing / Relieving Pressure vs. Flow Characteristic – Graph 3
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 Forces on TS98-30 & TS10-36

The following section will not only detail the forces acting on the TS98-30, and the 
TS10-36. The cross sections shown below show the dominant forces acting on the 
components of each valve.

Where:
FM = Magnetic force        
FP = Poppet pressure force       
FPP = Pilot pressure force acting on the spool    
FPR = Reduced pressure force acting on the spool    
FS = Spring Force     

TS98-30 TS10-36

FM

FP

FPP

FS

FPR

FM

FP

FS

FPR

FPP
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The magnetic force and poppet pressure force are the same as defi ned in the TS38-20.  
The spring is the same as the one described in the TS38-21 and can be categorized as 
a compression spring. In the TS10-36, the spring pushes down on the spool, assisting 
the pilot pressure (acts in the same direction). However, the spring in the TS98-30 
pushes the spool opposing the pilot pressure or acting in the same direction as the 
pressure reducing force.

The cross section of the spool and cage for each of these pressure reducing/
relieving valves is shown below. There are two cross sections shown for each valve. 
One depicts the spool in the relieving mode and the other in the reducing mode. 
Also given is the relative level of the forces in order for the spool to be in the 
given position.

Reducing

TS98-30 TS10-36

Relieving Reducing Relieving
FPP> FPR+ FS FPP> FPR+ FS FPP + FS >FPR FPP +FS < FPR



Chapter 5: Pilot Operated Pressure Controls

Page 78  Electro-Hydraulic Proportional Valves Manual

Pilot
Orifices

Orifice Filter

Tank

Work

Inlet

 Operation of the TS98-30 

The following is a description of the operation of the TS98-30. This section will 
begin with a description of the valve when no current is applied to the coil, followed 
by the spool in a transition position where current is applied to the coil. The third and 
fourth diagrams show the spool regulating pressure at the work port when the coil is 
energized.

The drawing above shows the lower portion of the TS98-30 when no current is 
applied to the coil. Oil can fl ow from the inlet and out to the tank. The oil fi rst 
passes through a fi lter on the outside of the cage, then through the center of the 
spool. It fl ows through a second fi lter screen which has holes that are 0.016 inches 
in diameter.  This fi lter screen, similar to all the standard HydraForce two stage 
pressure control valves, is used to protect the orifi ces from contamination. After 
the oil is fi ltered and passes through the orifi ces, it then passes by the ball and 
out to tank. This fl ow from the inlet to tank is known as the pilot fl ow or leakage.
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The next drawing shows the ball on its seat. In this case, the coil is energized. Oil 
does not fl ow past the ball. Instead, it begins to fi ll and pressurize the pilot chamber, 
causing the spool to move down and compresses the spring. In order to overcome the 
spring, current must be applied. Once current is applied, the ball closes and pressure 
builds under the ball. Pressure under the ball continues to increase and the spool 
continues to push on the spring. If suffi cient current is applied, the spool will com-
press the spring to the point where the spool connects the inlet to work port. The 
amount of current required to build this amount of pressure under the ball is called 
the  threshold current. Notice, in this drawing that the work port is isolated from both 
the tank and inlet. While the TS98-30 is able to control the reduced pressure to zero, 
it does so at the expense of the maximum control pressure. The TS98-30 must be 
used with an inlet that is at least 30 psi higher than the maximum reduced pressure. 
The reason for this is the bias spring holds the spool closed (blocking the inlet and 
work port) when no current is applied. This type of spool design is known as 
 closed in transition or  positive (over)lap. A closed-in-transition design is typically 
used on pressure reducing/relieving valves to ensure that the valve remains stable. 
Another feature which helps the valve remain stable is the damping transition passage 
and chamber. (See Appendix A for further discussion on damping).  Damping of the 
valve is accomplished by the fl ow of oil into and out of the  damping chamber being 
controlled by the  damping passage.

Spool Closed in
Transition

Damping Orifice

Pilot Chamber

Poppet Ball

Damping Chamber

Spring

Tank

Work

Inlet
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The remaining two drawings show the inlet is connected to the work port and the 
poppet is off the seat. However, the coil is powered, which means the magnetic force 
is regulating the pressure in the pilot chamber, and in turn regulating the position of 
the spool. Once the pressure in the work port reaches the desired level, the spool will 
move between the reducing position and the relieving position. This is represented by 
the split view shown to the right. 

Operation of the TS10-36

The TS10-36 operates similar to the TS98-30. When no current is applied to the coil, 
the armature pushes down on the poppet. Pressure builds in the pilot section and the 
spool regulates the work pressure in the main stage accordingly. The signifi cant 
difference is that the TS10-36 cannot control the reduced pressure to zero. The reason 
for this is that the bias spring is always pushing down on the spool, causing the work 
port and tank port to be connected. Because of this, there is always some pressure 
applied to the work port. The force exerted by the bias spring induces a pressure of 
100 psi at the work port.

Tank

Work

Inlet

Current Applied

Reducing Mode

Current Applied

Relieving Mode 

Spool Position
When Reducing
Pressure from

Inlet to Workport

Spool Position
When Relieving
Pressure from

Workport to Tank
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Summary

In this chapter the following concepts were presented:

• The pressure ranges available for the TS10-26, TS10-27 and TS10-36.  

• The differences between the two standard pressure reducing/relieving  
 valves available from HydraForce.

• What the typical hysteresis is for the various pilot-operated pressure controls.

• What makes up the pilot stage of a two-stage pressure control.

• What makes up the main stage of a two-stage pressure control.

• The difference between the TS10-26 and the TS10-27. 
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Review Questions

Use the following review questions as a measure of your understanding of the chapter material.  
Answers are provided in the appendix.

1. Describe the operation of the TS10-27.

2. What is the pilot section?

3. What is the main stage section?

4. True or False. The TS10-26 uses a linear proportional actuator.

5. Name three standard proportional pressure reducing/relieving valves
 available from HydraForce.

6. True or False. The hysteresis of the TS10-27 increases when PWM is used.

7. What causes the threshold to be required on the TS98-30?

8. How many pressure ranges are available with the TS10-36?        
 What are they? (i.e. minimum and maximum pressure)

9. True or False. The TS98-30 has a damping chamber. If true, why. 

10. Why are pressure reducing valves typically closed in transition? 
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Chapter 6: Application of Pressure Controls

Objectives

The objectives for this chapter are as follows:

• Learn about the proportional control of a clutch and the advantages 
 of using the TS98-30.

• Discover how to control the position of a cylinder using a pressure control.

• Learn about a fan drive circuit.

• Understand how an EHPR08-33 can be used to pilot a larger spool.

Introduction

In this chapter, we will briefl y look at four applications of the proportional 
pressure controls described in the previous chapters. The fi rst one is control 
of the pressure applied to the clutch. The second is one possible use of the 
TS10-27 in control of a fan drive. The third is piloting of a spool. Finally, 
the fourth is position control of a cylinder.

HydraForce and the HydraForce logo are registered trademarks of HydraForce, Inc. 
The entire content of this manual is copyright 2008 HydraForce, Inc. All rights reserved.
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 TS98-30 Clutch Application

The following section describes the use of a TS98-30 in a clutch application. 
A clutch is a device which engages and disengages sets of gears inside the 
transmission to transfer the engine power to the drive shaft. Inside the 
transmission are several clutches for different speeds, as well as one to select 
forward and reverse.

The clutch is actuated in much the same way as a hydraulic cylinder. A spring holds 
the piston part of the clutch in the neutral position when the clutch is not engaged. 
When current is applied to the TS98-30, it allows pressure to be applied to the piston 
of the clutch. When this happens, the clutch is engaged. The clutch is said to be 
engaged when it is transferring engine power to the drive shaft.

Engine Transmission
Axle

Tires

Clutch

One TS98-30
per Clutch
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There are advantages to using the TS98-30 to regulate the pressure applied to the 
clutch. This is best described in the graphs below.

The fi rst advantage, (shown by points A-B on the graph), is the ability of the 
TS98-30 to allow for a fast pre-fi ll of the clutch. The clutch prefi ll is the action 
where oil is quickly fed into the clutch and the pressure is allowed to reach the 
point where the piston just begins to compress the spring inside the clutch. Notice 
that during this prefi ll action, the fl ow is relatively high. However, this only occurs 
over a short time. Typically the fl ow may reach as high as 8 gpm for about 0.1 or 
0.2 seconds. The current is then dropped down to point C.  From point C to D the 
clutch is waiting to be engaged. The current and pressure is ramped from point D 
to E. A second advantage of the TS98-30 is that it allows for this ramping of the 
pressure to slowly move the piston. The slow movement of the piston gives a 
smooth, soft engagement of the clutch. This is benefi cial because power from the 
engine is gradually applied to the drive shaft, allowing the vehicle to accelerate 
smoothly rather than jumping or jerking. When the drive shaft no longer needs to 
be connected to the engine (driver stops), the current to the valve is turned off. The 
fl ow discharges from the clutch immediately and pressure inside the clutch drops. 
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Note the graph shows that the valve must be capable of two extreme modes of 
operation. The fi rst is that it must be able to create a very large opening to allow 
high fl ow to occur at low pressure. Secondly, when current is controlling the valve 
during the ramping mode, only a small amount of fl uid needs to pass through the 
valve. At this time, the opening created by the valve is small. These two modes of 
operation are diffi cult to achieve, but have been accomplished in the TS98-30. 
There are applications where the valve may become unstable (pressure pulses will 
show up on the graph). The driver may feel the clutch engaging and disengaging 
slightly. This may be due to differences in the clutch design or air entrapped in the 
system, among other factors.  If this occurs, consult HydraForce.
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 TS10-27 and Fan Control

A growing application in hydraulics is that of a variable speed, hydraulically driven 
fan used to cool fl uid passing through a radiator. A pressure control like the TS10-27 
or a variation of it such as the TS38-21 or TS12-27, depending on the fl ow, can be 
used. As a reminder, the pressure controlled by these valves decreases as the current 
increases. The reason to use such a valve is in case the solenoid or electronics con-
trolling the solenoid fail. If such a failure occurs, the system pressure will be at the 
high setting of the valve, which is maximum fan speed. Recall the performance graph 
showing the pressure vs. current characteristic of the TS10-27.

A variable speed hydraulic fan can be used to reduce noise and to improve fuel 
effi ciency. The fuel effi ciency is improved because the motor is not always running 
at high speed or full load. Instead, when the engine temperature is low, the current 
in the TS10-27 is high and the pressure and motor speed are low. Since the pressure is 
low, the demand on the hydraulic pump and therefore the engine, is low. The decrease 
in noise is basically due to the same reason. With the fan not running continuously at 
high speed, the noise heard by the operator is reduced.
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 EHPR08-33 Directional Control Valve

Large construction equipment such as excavators use directional control valves, 
which are known as stack valves. Multiple valves are stacked together to form a 
hydraulic circuit rather than screwing valves into a manifold. These valves are 
typically larger than cartridge valves and handle larger fl ows. Because of the size 
of the valves, they are actuated hydraulic pressure, rather than a solenoid.

Shown below is the schematic of two EHPR08-33 valves and the directional control 
of the stack valve. On the following page is a cross section of a stack valve which 
includes the two EHPR08-33 valves, the spool of the stack valve and springs which 
center the spool.
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Pilot Chamber

Tank

The fi rst cross section below shows the spool centered by the two springs. In this 
condition, no current is applied to the EHPRs. The enlarged sectional view shows 
the large spool shifted in one direction, allowing oil to fl ow to and from the actuator. 
In order for this to occur, current is applied to one of the EHPRs. The reason to use 
a proportional valve instead of an on/off solenoid is to slowly shift the directional 
valve, thus removing the shocks from the hydraulic system.
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The EHPR08-33 valves are used to modulate the pressure applied to either end of 
the spool. When current is applied to the EHPR, pressure feeds into one of the pilot 
chambers of the large spool. Pressure continues to build until the pressure force 
exceeds the force of the spring in the opposite pilot chamber (shown as points A-B 
on the graph below). At point C, oil begins to fl ow through the spool of the stack 
valve. The reverse occurs as the pilot pressure from the EHPR increases, so does 
the fl ow.

Flow Through
Stacked Valve

Pilot Pressure

Current Applied
to EHPR

A

B

Time
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 EHPR08-33 & PE16-67

Another type of directional valve which can be piloted using the EHPR08-33 is a 
PE16-67D-0-N. This is a 6 ported, piloted directional control which proportionally 
controls fl ow from the inlet to the cylinder ports and back to tank. The reason to 
use this directional control is due to its ease of integration into a cartridge manifold 
system. The schematic below shows this valve, along with two EHPR08-33s and an 
EP12-S35T (in-line pressure compensated fl ow control). The cross sections of these 
two valves are also shown below.

Port 6
(Pilot)

Port 5
(Work)

Port 4
(Work)

Port 3
(Inlet)

Port 2
(Work)

Port 1
(Pilot)

PE16-67

EP12-S35T

Port 3
(Load Sense)

Port 2 (Tank)

Port 1 (Inlet)
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Q

3 1

2

1

5 4

3 2
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The graph above shows the typical fl ow vs. pilot pressure characteristic of the 
PE16-67. This graph was developed using the EP12-S35T. However, the PE16-67 
can be used without a compensator. While the valve will remain stable without the 
compensator, the fl ow may change as a result of load pressure.
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TSR

TSE

Electronics

Combiner Header

Position Sensor

 TS10-36 & Cylinder Control 

The diagram below is a schematic for the positioning of a hydraulic cylinder. The 
cylinder is held in a fi xed position by pressure controlled by the two TS10-36 valves. 
Notice that because the cylinder is a double acting single rod cylinder, the piston area 
exposed to pressure is larger on the blind side, compared to the rod side. In order 
to hold the cylinder in place, the pressure supplied by the TS10-36 on the rod side 
(noted as TSR) must be higher than the blind side. Once the cylinder is in a fi xed 
position, if for example, it needs to be retracted, the current applied to the TSR must 
be increased. The pressure increase is maintained until the new position of the 
cylinder is reached.

One application for this circuit is to control the height of a tractor implement or a 
combine header (shown above).  The combine header is the part of the combine 
that pulls the cotton from the cotton plant during harvesting.  During harvesting, the 
farmer may need to continually adjust the height of the header in order to maintain 
the optimal position.  If there is a mound of dirt, he needs to raise the header, or dam-
age to it could result.  If there is a dip in the ground level, the farmer may not strip all 
cotton possible from the plants.  To take advantage of the functionality of the com-
bination of the two TS valves above, a position sensor must be mounted to the front 
of the header.  By measuring the change in the distance of this sensor, relative to the 
ground, the optimal position of the header can be maintained.  This is further clarifi ed 
in the following graph.
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A-B)  The position sensor is extending because the combine is going down a hill.  
 Current to the TSE is increasing so that the header will stay close to the   
 ground.

B) At this point, the current applied to TSE is reduced back to its steady state  
 level. This occurs because the pressure caused the cylinder to extend and at  
 the same time, the rest of the combine has begun to go down the hill.

B-C) The header and position sensor overshoots the desired position. The current  
 applied to the TSR increases to move the header back to the level position.

C-D) The movement of the header is too much. The current applied to TSE in  
 creases slightly to correct for the overshoot.

D-E) The desired level position of the header is reached.

E-F) The position of the header goes through similar correction as when the 
 combine began to go down the hill.

Position Sensor

Current at TSR

Current at TSE

A
B

C

D E F
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Summary

In this chapter the following concepts were presented:

• The function of a clutch and how the TS98-30 can be used to control the
 engagement of the clutch.

• The use of a TS10-27 in a fan control circuit.

• A stack valve and how an EHPR08-33 can be used to control fl ow through 
 a larger spool valve.

• A proportional circuit that could be used to control the position of a cylinder. 
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Review Questions

Use the following review questions as a measure of your understanding of the chapter material.  
Answers are provided in the appendix.

1. What is one reason to use a proportional pressure control to regulate 
 pressure applied to the clutch?

2. Why is the TS10-27 used to control pressure in a fan drive circuit      
 instead of a TS10-26?

3. Where is an EHPR typically used?

4. Describe how two pressure reducing valves could be used to control      
 cylinder movement.
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Chapter 7: 
Flow Controls – Introductory Concepts

Objectives

• Learn the defi nition of a fi xed and variable orifi ce.

• Learn the basics of a compensated and restrictive fl ow control.

• Understand the operation of a priority/bypass fl ow control.

• Learn about pressure compensation characteristics.

Introduction

This chapter is an introductory chapter to proportional fl ow controls. 
It will introduce basic, non-electrical fl ow controls. This will act as 
a foundation in understanding the terminology associated with the 
construction and operation of the proportional fl ow valve. In addition, 
terminology to describe the performance will also be introduced. 
Other terms that are specifi c to proportional valves such a hysteresis, 
saturation, control range etc. can be found in Chapter 3.

HydraForce and the HydraForce logo are registered trademarks of HydraForce, Inc. 
The entire content of this manual is copyright 2008 HydraForce, Inc. All rights reserved.
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Pressure dropFlow = 31 x Orifice Area x

 Flow Control – Introductory Concepts

 A fl ow control valve is one which specifi cally regulates the volume of oil 
passing through a hydraulic system.

The following sections describe two types of fl ow controls, non-pressure-
compensated and pressure-compensated. The fi rst two fl ow controls described 
are the fi xed orifi ce and the variable orifi ce, or a needle valve. The third and 
fourth fl ow controls presented are pressure-compensated fl ow controls. All four 
are described in the following sections to give a basic understanding of how the 
proportional fl ow controls operate.

 Fixed Orifi ce

 A fl ow control valve is one that is used to meter the quantity of fl uid passing 
through a hydraulic system. The simplest type of fl ow control, a fi xed orifi ce, 
is shown below.

hydraulic tube

orifice

oil
symbol

Since the hole or orifi ce is smaller in diameter than the tube, the oil fl owing 
through the tube, downstream of the orifi ce, is restricted compared to the fl ow 
upstream.

The amount of oil fl owing through the orifi ce is dependent on the area of the 
orifi ce, the pressure drop across the orifi ce and the viscosity or thickness of the 
oil. The relationship below can be used to determine the fl ow through an orifi ce.

 The equation above is a simplifi ed version of one used in engineering fl uid 
dynamics. The equation is based on one for an orifi ce as shown above, where 
the edges of the hole are sharp. The simplifi cations or assumptions that are built 
into this equation are:        
  - oil viscosity: 32 cSt      
  - the pressure is measured in psi     
  - the fl ow is measured in gpm     
  - the area is measured in inches squared    
  - the length of the orifi ce does not exceed the diameter

A centistoke or cSt is simply a measure of the oil viscosity as an inch is a 
measure of distance. The viscosity represents how thick the oil is. 32cSt was 
selected because this is the typical viscosity at which valves are tested when 
performance data is presented in a catalog.

The number 31 in the equation above takes into account the viscosity and the 
adjustment for non-sharp orifi ce.



Chapter 7: Flow Controls - Introductory Concepts

 Electro-Hydraulic Proportional Valves Manual  Page 99

Port

Flow area when needle is full open

seat
needle

2

1

Port

Flow area when needle is partially
turned clockwise several rotations

2

1

  Variable Orifi ce

A needle valve is similar to a fi xed orifi ce in that it meters fl ow through a set 
area defi ned by the needle and seat. The difference is that the needle can move 
up or down to increase or decrease the size of the orifi ce. This is why it is 
known as a variable orifi ce. The  needle valve can open or close the same way a 
faucet does, allowing more or less fl ow, depending on the open area. The fl ow 
through the needle valve can be determined by using the equation from the 
previous page.

While both the fi xed and variable orifi ces control fl ow, there is one drawback to 
using them. If the pressure across the fl ow area changes, so does the fl ow. This 
occurs when the pressure in a hydraulic system changes as the load changes.  
For example, there is a difference in the hydraulic pressure required to lift an 
empty excavator bucket versus a full one.
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Fspring = distance x stiffness
Fin = Pin (A1 - A2)
Fload  = Pload (A1 - A2)

Forces are balanced when:
Fspring = Finlet - Fload

Pload

Pin

A2

A1

Fspring

Oil

Spool

Variable Orifice

Fixed Orifice

Pin

Pload

To Load
Spool

Schematic

Supply
Flow

(regulated flow)

 Restrictive Compensated Flow 
Control

The previous section described a fi xed orifi ce 
fl ow control where the fl ow varied when the 
pressure varied. In order to eliminate or at 
least minimize how pressure affects the fl ow, 
a valve known as a pressure compensated fl ow 
control can be used. A simple representation of 
a pressure compensated fl ow control is shown 
to the left. This particular type of fl ow control 
is known as a restrictive fl ow control because, 
typically, it restricts the downstream fl ow to a 
value lower than the supply or pump fl ow. 
Notice that this valve is made up of a  fi xed 
orifi ce and a variable orifi ce. The  variable 
orifi ce is created by the spool moving up and 
down. As the spool moves up or down the fl ow 
area of the variable increases or decreases. This 
type of device is typically used to control fl ow 
into or out of a cylinder, thus controlling the 
speed of the cylinder extending or retracting.

The valve works by maintaining a constant 
difference between the inlet pressure Pin and 
the pressure at the load, Pload. This is accom-
plished by the fi xed orifi ce, variable orifi ce, 
and the spring working together. First the fi xed 
orifi ce regulates the fl ow as mentioned in the 
previous section. That is, the fl ow across this 
orifi ce is still dependent on the area, pressure 
drop and viscosity. The fl ow across the variable 
orifi ce is also dependent on the pressure differ-
ence across the fi xed orifi ce. When the pressure 
difference across the fi xed orifi ce increases, the 
force acting on the spool increases. The equa-
tion and diagram to the left describe this force.

Initially, oil fl ows across the fi xed orifi ce and 
the position of the spool remains unchanged.  
This is true as long as the pressure force (Pin) 
is less than the spring force. As the pressure 
force increases the spool begins to push against 
the spring. The spool will continue to move 
until the spring force equals the pressure force.  
(Note the spring force is based on the amount 
the spring is compressed, multiplied by the 
stiffness of the spring, or the rate.)
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Fixed
Orifice

Variable 
Orifice #1

Variable
Orifice #2

Pload

Oil

Pin

Priority

Bypass

Pby

Pload

Pin

A2

A1

 Priority / Bypass Compensated Flow 
Control

Another type of pressure compensated fl ow control 
is known as a priority/bypass fl ow control valve. It is 
known as a priority/bypass fl ow regulator because fl ow 
is regulated at the priority port like the previous valve 
and the excess is diverted (bypassed) to another portion 
of the circuit. As with the fi rst type of fl ow control, it is 
also made up of a fi xed and a variable orifi ce. These 
two orifi ces make up the priority portion of the fl ow 
control. A third orifi ce which is also variable, is the 
bypass portion of the valve. This type of valve is shown 
to the right.

This fl ow control has two advantages over the fi xed 
orifi ce. First, it maintains a constant fl ow rate regard-
less of the pressure. Second, the excess system fl ow 
can be used in a secondary hydraulic circuit or it can be 
dumped to tank through the bypass line, thus reducing 
the amount of wasted energy.

 As with the restrictive type fl ow control, the spool posi-
tion remains unchanged until the pressure force exceeds 
the spring force. The spool will then move in response 
to the change in pressure at the priority port. When there 
is a small difference between the inlet pressure Pin or Pby 

and Pload, the variable orifi ce #2 is opened less compared 
to variable orifi ce #1. Conversely, when the inlet pres-
sure and the bypass pressure begin to increase compared 
to the priority pressure, the variable orifi ce #1 begins to 
decrease. Yet, in either case, the fl ow rate at the prior-
ity port is maintained at a constant level. Further, this 
implies the fl ow at the bypass port is also compensated. 
That is, if the pump fl ow and the fl ow at the priority port 
remain fi xed, the bypass fl ow will remain unchanged 
regardless of changes in pressure. Again, the spool 
will move when the pressure force exceeds the spring 
force. When this occurs, fl ow at the priority port will 
be restricted until the force due to Pload plus the spring 
force equals the force due to the inlet pressure. In other 
words,  the spool position is in equilibrium (held in 
place) when Fspring  = Finlet – Fload. 
For a more in-depth review of force balance equations, 
refer to the HydraForce Solenoid Course Manual.



Chapter 7: Flow Controls - Introductory Concepts

Page 102  Electro-Hydraulic Proportional Valves Manual

Maximum Flow

Saturation

Maximum
Current

Threshold
Current

Minimum Flow

Flow Control Range

Compensation Characteristic Curves 

The performance characteristic that represents the ability of the fl ow control to 
maintain a desired fl ow value, is the compensation characteristic. As the curves 
show, there is no set rule-of-thumb regarding a general trend for a pressure 
compensation characteristic. The characteristic can be fl at or varying, depend-
ing on the differential pressure between the inlet and the work port of the fl ow 
control. It is also dependent on the spring force valve design in general, and the 
geometry of the valve components. Typically, when the fl ow is at the maximum 
operating level, the characteristic is a decreasing trend. This decreasing trend is 
known as  droop. In this case the fl ow control does not fully compensate for the 
change in pressure.

Pressure Differential

Flow

Decreasing characteristic

Flat characteristic

 Saturation

Saturation is indicated by the fl at portion of the fl ow vs. current characteristic. 
Saturation occurs when there is no relative change in fl ow, even with a change 
in current. The saturation current of a normally closed valve is the level at which 
any increase in current does not increase the fl ow. The saturation current for a 
normally open valve is the level where the fl ow decreases to the expected leak-
age fl ow rate. Note: The maximum current may or may not be the same value 
at which saturation occurs. In other words, the saturation fl ow is typically at or 
above the maximum current required for most HydraForce fl ow control valves 
and directional control valves.



Chapter 7: Flow Controls - Introductory Concepts

 Electro-Hydraulic Proportional Valves Manual  Page 103

Summary

In this chapter the following concepts were presented:

• An equation to determine fl ow through an orifi ce. 

• Fixed and variable non-pressure compensated fl ow controls.

• Introduction to pressure compensated fl ow controls.

• Pressure compensation characteristic.
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Review Questions

Use the following review questions as a measure of your understanding of the chapter material.  
Answers are provided in the appendix.

1. The pressure drop across an orifi ce is 100 psi. The area is 0.005in2.         
 Determine the fl ow.

2. What is the disadvantage of a fi xed orifi ce?

3. What is one typical application for a restrictive style fl ow regulator?

4. What is the typical viscosity used when valves are tested for 
 presentation of performance in the HydraForce catalog?

5. True or False. The general trend of the fl ow characteristic for a pressure     
 compensated fl ow control is decreasing with increasing pressure.

6. How many orifi ces are active during the operation of a priority/bypass     
 type of fl ow control?

7. Describe saturation.

8. Defi ne fl ow range.
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Chapter 8: Non-Compensated Flow Control

Objectives

• Obtain general knowledge of the non-compensated proportional 
fl ow controls.

• Learn about the forces acting on the valve components, specifi cally   
the fl ow force, spring force and magnetic force.

• Learn methods used by HydraForce to minimize fl ow forces.

• Discover how these proportional fl ow controls can be used with the   
external pressure compensator valves.

• Learn about the manual override used on the proportional fl ow control   
valves.

• Learn how the external pressure compensators operate.

Introduction

In this chapter we will learn about two types of direct acting, non-compensated, 
proportional fl ow control valves. We will review the construction and forces 
acting on the components. In addition, the performance of these valves used 
in conjunction with external compensating valves will be presented.

HydraForce and the HydraForce logo are registered trademarks of HydraForce, Inc. 
The entire content of this manual is copyright 2008 HydraForce, Inc. All rights reserved.
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 PV70-33

The fi rst valve to be reviewed is the PV70-33. This valve is a direct acting, 
normally closed proportional fl ow control. The pressure drop curve, forces 
acting on the valve and the operation of the valve will be discussed in this 
section. The operation of the optional  manual override available for the PV 
valves will be discussed at the end of this section. A cross section of the 
PV70-33AM is shown below.

PV70-33AM

Manual Override

Spool

Spring

Tube Subassembly
(Pole Piece)

Plunger

Push Pin

Cage

3

2

1

PV70-33 X X - 0 - X -00

Base Model
Maximum Flow

Voltage/Termination: Coil Only: 00

Seal Code

Body type: Cartridge Only: 0

Manual Override: M
No Manual Override: blank
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Performance of PV70-33

The fl ow vs. pressure drop characteristic is shown in the graph below. Although 
the performance of a proportional valve is dependent on the current, a current 
vs. fl ow characteristic is not shown for the PV70-33. The reason for this is that 
the PV70-33 should be used with an external compensator. The current vs. fl ow 
characteristic for the PV70-33 when used with an external compensator, is 
presented in a later section. The PV70-33 and PV72-33 valves are normally 
used in conjunction with an external compensator because the differential 
pressure across these valves must be limited to 300 psi. This will be explained 
further in the section which details the forces acting on the PV70-33.

Flow vs. Pressure Drop for the PV70-33
with maximum current applied
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The three pressure drop characteristics shown above represent the three differ-
ent maximum fl ow variations available from the PV70-33. Three different fl ow 
characteristics are made possible by changing the number of cross holes in the 
cage. This too will be covered further in the operation section.
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Forces on  PV70-33

There are two signifi cant forces which act on the valve components of the 
PV70-33. These two forces are the magnetic actuator force and the spring force.  
This holds true as long as the pressure differential across the valve is below 
300 psi as shown in the previous graph. Both of these forces are briefl y defi ned 
below. A more detailed explanation can be found in the Solenoid Valves Manual 
and the Proportional Pressure Control Manual from HydraForce.

A third force which can infl uence the performance of the fl ow control valves is 
known as a fl ow force or Bernoulli force. A description of this force will also be 
presented in the following sections.

Further, three other forces that act on the components of the fl ow control valves.  
These include  magnetic hysteresis,  mechanical friction and  viscous friction. 
These combine to create the hysteresis that is shown on the fl ow vs. current 
graphs. A full explanation of these can be found in the Proportional Pressure 
Controls Manual and the Solenoid Valves Manual.

FM

Magnetic
Force

Spring Force
FS

FF

Flow Force
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 Magnetic Force

The magnetic force developed by the coil and armature shown on the previous 
page is proportional to the current applied to the coil. The actuator assembly 
(coil, armature and pole piece) is known as a  linear proportional actuator. The 
force vs. stroke characteristic is shown below. Notice that the force remains 
unchanged regardless of the position of the armature listed on the x-axis.  

 Spring Force

The type of spring force used in the PV valves is known as a compression 
spring. As the spring is compressed, the force increases. The force is 
proportional to the stiffness (rate) of the spring multiplied by the distance 
the armature moves. The spring force increases as the armature or plunger 
moves closer to the pole piece.   

Proportional Range

Force

Armature stroke
A B

Force dependent 
on current applied

A = Armature closest to pole piece
B = Armature furthest from pole piece

Slope is dependent on 
Fixed Rate x Distance

Force

Armature Stroke
A B

A = Armature closest to pole piece
B = Armature furthest from pole piece
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 Flow Force

The following section provides a brief description of the fl ow force. An 
introduction to the fl ow force is given in the Solenoid Valve Course Manual. 
The  Bernoulli force or fl ow force as it is referred to in industry, acts on the 
spool. There are two components that make up the fl ow force, these are the   
axial and lateral fl ow forces. We are only concerned with the axial force 
because the lateral force acts evenly around the spool and does not affect 
the operation of the valve.

As oil fl ows past the edge of the spool which is metering or restricting the fl ow, 
the oil accelerates in this restricted area. This occurs because the same amount of 
oil that fl ows into a valve must fl ow out. If the fl ow passage in a valve decreases in 
size, the velocity or speed of the oil must increase to ensure the same amount of oil 
continues to move through this passage. (Note: There must be suffi cient pressure 
to push the oil through the metering area to maintain the fl ow rate.)

As the oil moves past the metering edge, the pressure decreases. That is, the 
pressure noted by P2 in the diagram above is higher than P3. Further, the pressure 
acting on the surface closest to the metering edge P2, is lower than P1. Since there 
is a difference between P1 and P2, there is a force acting on the spool in the direc-
tion of P1, or towards the left. This is the fl ow force. The fl ow force described is 
governed by the following equation:   

Spool

Cage

P1

Direction of flow force

P2

P3

P1 > P2

Metering Edge

69
o

X

Q

P2

P3

Cr

Q     2 P (X2 + C2r) cos 

X
F =

Where:

Q = Flow rate of oil
X = Amount the cross holes are open
Cr = Clearance between cage and spool

P = Pressure drop through the valve
= Density of fluid
= Angle at which the fluid exits
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 Compensation for Flow Force

One part of the equation given in the section describing the fl ow force, which 
can be infl uenced through valve design, is the angle the fl uid exits the valve. As 
the previous diagram shows, this is typically close to 69°. The diagram below 
shows one possible confi guration to change the angle at which the fl ow exits. 
The difference between this diagram and the previous is that an angle or hook 
type feature has been added to the spool in the area where P2 acts. The ideal 
angle for the fl ow to exit would be 90°. This is because the cosine of a 90° angle 
is 0 and the force described by the previous equation would go to zero. In actual 
valves, the change below does not change the angle to 90°. Typically, it is less 
than 90°, therefore, there is always a force acting on the spool.

Cage

Spool

Spool is
different

here
P2

P3

P1

90o

Other design features used by HydraForce to minimize the fl ow force include 
assuring that the metering edge is sharp, and that the clearance (Cr) between the 
spool and the cage is as small as possible.
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 Operation of PV70-33

The operation of the PV70-33 is simply based on the armature pushing on the 
spool and spring. Initially, the spool is blocking the fl ow of oil from port 3 to 2. 
(Note: port 1 is not used as a fl ow path. The cavity is “blind,” that is, no oil can 
fl ow through this port.) As current is applied to the solenoid, the armature is 
attracted to the pole piece. In turn, the armature pushes down on the spool/spring 
assembly. Oil then begins to fl ow from port 3 to 2. When more current is applied, 
the armature moves the spool further. The maximum fl ow through the valve is 
dependent on the number of cross holes in the cage and the pressure differen-
tial from port 3 to 2. The fl ow area through each cross hole can be added to one 
another to give an overall fl ow area. The amount of fl ow through the total area is 
determined by the same equation given for the fi xed orifi ce in the previous chapter 
(Q = 31 x A x (DP)1/2). Also, by increasing the number of holes and leaving the 
pressure differential constant, the fl ow through the valve will increase. The same 
is true in regards to the amount the spool opens the fl ow area through the cage 
cross holes. The more the spool opens, the larger the fl ow area. Again, if the pres-
sure drop remains constant, the fl ow will increase. The diagrams below show how 
the fl ow area is increasing as the spool moves to open more of the cage cross holes.

Cross Section
through Cage:
8 holes for PV70-33A
6 holes for PV70-33B
4 holes for PV70-33C

Port 3

Port 2

Port 1 Oil

Flow area
increases as 

spool position 
changes.

Flow area
through 1 hole

of the cage.
Multiply by 8 

to get total area
for PV70-33A

Oil
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 Effects of Flow Force

The fl ow force begins to infl uence the performance of the PV70-33, PV70-35, 
PV72-33 and the PV72-35 when the differential pressure exceeds 300 psi. A 
description of how the fl ow force infl uences the amount the spool can move is 
shown below. The diagrams show relative positions of the armature and spool 
at various current levels applied to the coil. The cross section of the valve and 
the enlarged view in the middle of the picture represent the spool and armature 
position when no current is applied to the valve. The view on the right shows the 
position of the spool and armature when the threshold current has been applied 
to the coil. Notice that the spool edge is in line with the edge of the cross. Again, 
the defi nition of the threshold current is the level of current where the fl ow begins 
to change, relative to a change in current. Since there is no fl ow, this current and 
relative spool position are the same, regardless of the differential pressure.

Position 1 Position 2

Position of spool or
armature when coil is

de-energized

No current applied Threshold current applied
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The next set of diagrams show various spool positions as the current is increased. 
The four pictures to the left show the position of the armature and spool when 50% 
of the maximum current is applied. Notice there is a difference in the position of 
the armature and spool when the pressure exceeds 300 psi. When the pressure drop 
is lower than 300 psi, the spool opens almost half of the cage cross hole. However, 
when the pressure drop exceeds 300 psi, (or the fl ow force infl uences the valve 
performance) the cage hole is only open about 25%. This same analogy applies to 
the four pictures to the right where maximum current has been applied. When the 
pressure drop across the PV70-33 is less than 300 psi, the spool can uncover more 
than 75% of the cross hole. However, if the pressure drop exceeds 300 psi, the 
magnetic force is only strong enough to push against the spring and fl ow force to 
a point where 50% of the cage cross hole is open.

Position 3 Position 3a

50% of Maximum
Current applied

Position 4aPosition 4

Maximum
Current applied

(pressure drop > 300 psi)

Maximum
Current applied

50% of Maximum
Current applied

(pressure drop > 300 psi)

magnetic force

pos
4

max current

50% of max current

threshold current

Spool and Armature Position

Force

spring force

pos
1

pos
2

pos
3a

pos
3

pos
4a
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The different spool positions, spring force and magnetic force are summarized 
in the graph on the previous page. Again, position 1 represents the forces when 
no current is applied. Position 2 is the point where fl ow begins to pass through 
the valve. This represents the threshold. Notice how the spring force is exactly 
equal to the magnetic force at the threshold current. This is also true at the 50% 
current level and at maximum current. Point 3a and 4a show that the spool 
moves towards position 1 even though the current should create magnetic force 
suffi cient to move the armature to position 3 and 4 respectively. This is because 
of the infl uence of the fl ow force.  

The effect of the fl ow force can also be summarized in a force balance equation.  
For example, the force balance equation at position 3 or 4 would be FM=FS. 
However, at position 3a and 4a the force balance equation would be 
FM = FS + FF. Of course, both equations have been simplifi ed. In fact, there is 
always a fl ow force acting on the spool. In other words, as the equation describ-
ing the fl ow force shows, the fl ow force is proportional to the amount the spool 
uncovers the cross hole and the difference in pressure. When this pressure dif-
ferential exceeds 300 psi, the fl ow force is suffi cient to infl uence or disrupt the 
proper operation of the valve. When the fl ow force is suffi ciently large enough 
to infl uence the position of the spool, this becomes a form of compensation. 
That is regardless of how large the pressure drop is, the fl ow does not increase. 
Further, if the pressure drop becomes suffi ciently large, the spool could close off 
the cage cross holes completely. This is known as the valve  washing shut.

 Manual Override Operation

The manual override used with the PV type valves is known as a  screw style 
override. When the manual override screw is fully “backed-out” (turned coun-
terclockwise until it stops), the manual override is disengaged. As the manual 
override screw is turned clockwise, it begins to push down on the armature. 
This movement of the manual override pushing down on the armature replaces 
the magnetic solenoid force. The more the manual override is turned clockwise, 
the more the fl ow increases.

When the screw is turned,
it pushes on the pin which

in turn pushes on the plunger

manual override
screw and pin
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 PV70-35

Shown below is the PV70-35. It is a normally open, direct acting, non-compen-
sated proportional fl ow control. It is noted here simply to demonstrate that the 
normally open product is available. The performance, forces acting on the 
components and operation of this valve are similar to the PV70-33. The only 
difference is that the inlet is at port 2, the outlet is at port 3 and the inlet and 
outlet are normally connected when no power is applied to the coil (de-energized). 
Port 1 is not used, therefore no hydraulic connection is required. Since this valve 
is similar to the PV70-33 no further information will be presented, except for the 
performance of the valve when used with an external compensator. This will be 
presented in a later section.

PV70-35A

1

Spool

Spring

Tube
Subassembly
(Pole Piece)

Plunger

Cage

3

2

PV70-35 X X - 0 - X -00

Base Model
Maximum Flow

Voltage/Termination: Coil Only: 00

Seal Code

Body type: Cartridge Only: 0

Manual Override: M
No Manual Override: blank
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PFR70-33AM-E

inlet

1

3P

2P

1E

2E outlet

2

1

PFR70-33 X X - E X - 8T - X - XX XX
2

Base Model

No Coil: 0
12V Coil: 12
24V Coil: 24

 Buna N: N
Fluorocarbon: V

SAE 08 Ports: 8T

80 psi Compensator Spring: 80
160 psi Compensator Spring: 160

Manual Override Option: M
Non-manual Override: blank

PV70-33 Flow Range

Termination

Port designation for operation of PFR70-33
3P = Port 3 of PV70-33
2P = Port 2 of PV70-33
3E = Port 3 of EC10-30
2E = Port 2 of EC10-30
1E = Port 1 of EC10-30

3E

 PFR70-33-E

The combination block shown in the cross section below is the PFR70-33AM-E. 
It consists of a direct acting proportional fl ow control valve, PV70-33 and a 
restrictive style pressure compensator valve, EC10-30. Both are installed in a 
combination manifold. The PV70-33 is similar to an electric version of the needle 
valve described in Chapter 2. The EC10-30 acts like a  restrictive type compensator 
also described in Chapter 2. The operation of the these two valves in combination, 
as well as the fl ow vs. current characteristic and compensation curve, are described 
in the following sections.
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Oil

PV spool
blocks oil

at this port

EC spool
blocks cross
holes at 
this port

2P

2E

 Operation of the PFR70-33

The operation of the PFR70-33-E is described in the following section. The fi rst 
operational diagram shows the combination valve when the oil is pressurized 
and no current is applied to the coil. Notice the spool of the PV70-33 blocks 
port 2P completely. Again, this is because no current is applied to the coil. Also, 
the spool of the EC10-30 is at the extreme shifted state. It has moved from the 
‘at rest’ position shown in the previous diagram. Notice the spool completely 
blocks the cross holes at port 2E.

In the next cross section current has been applied to the coil. This causes the 
armature to be attracted to the pole piece. At the same time, the armature pushes 
down on the spring/spool assembly. Oil then fl ows from port 3P to 2P of the PV.  
The oil continues to fl ow into port 3E of the EC10-30. Even though the pres-
sure, P3, is lower than P2, because of the restriction of the fi xed-orifi ce of the 
PV spool, the EC10-30 spool moves, allowing oil to fl ow out of 2E. This occurs 
because the pressure force developed by P3  acting on the spool, is assisted by 
the spring in the EC10-30. The forces acting on the EC10-30 spool are summa-
rized in the following section.

Fixed
Orifice
Restricting 
Flow

P1 3P

2P 2E

EC spool 
moves to 
allow flow

P2

P3

3E
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The next cross section shows how the EC spool compensates for changes in 
load pressure downstream of the outlet. As current applied to the PV coil is 
increased, the PV spool opens more of the cage cross holes at port 2P compared 
to the previous diagram. However, notice that the opening of the cage cross 
holes at port 2E of the EC is less than the previous diagram. This is because 
there was a decrease in the required pressure downstream of the outlet. If the 
EC spool did not move to decrease the opening, the fl ow would increase. This is 
further described by the orifi ce diagrams below.

The circuit below represents the PFR70-33-E and the load downstream of the 
manifold. It will be used to demonstrate the EC spool compensating for the 
change in load.

Notice that the 
opening is restricted 
compared with the 
previous diagram

P1

P4
2E2P

P3

P2

3E

1P

orifice T

equivalent circuit

downstream load
EC spool/cage

opening
PV spool/cage

opening

orifice 1
P1 orifice 2

P4P3
orifice 3
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Recall that the fl ow through an orifi ce can be represented  by the simplifi ed 
equation Q = 31 x A x (DP)1/2. In this case, A is the area of orifi ce T. Also, keep 
in mind that the EC is in the circuit to maintain the pressure drop across orifi ce 
1 or the difference between P1 and P3. If this is true and orifi ce 3 becomes larger, 
then orifi ce 2 must decrease. The schematic below represents this change in 
load pictorially.

Changes in
Orifice

From

To

To

Orifice T

Equivalent Circuit

P1

Orifice 1 Orifice 2

P3

Orifice 3

P4

To summarize these points, as the load changes, the orifi ce created by the EC 
spool and cage cross-hole changes accordingly to compensate. While at the 
same time the orifi ce created by the PV spool and cage remains the same. 
Also notice that orifi ce T remains unchanged because the compensator works 
to maintain a constant fl ow rate.

 Forces Acting on the EC Spool

The diagram to the left and the variables below are used 
to describe the forces acting on the EC spool.

AEC  P2 = Pressure force acting on spool at Port 1 
AEC  P3 = Pressure force acting on spool at Port 3 
FS  = Spring force

The following equation describes the balance of forces 
acting on the EC:
AEC  P2 =  AEC  P3 + FS

The equation above is balanced whenever the inlet 
pressure force (AECP2), minus the outlet pressure force 
(AECP3), is equal to the spring force. This is summarized 
as follows:  
(P2 - P3) AEC  = FS

FS P3

AEC

P2
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As noted on the previous page, the spool of the EC10-30 moves to maintain 
a pressure differential so that the spring force is balanced. This differential 
pressure value is appropriately known as the compensator value. If this 
compensation pressure is not reached, then the fl ow will be dependent only 
on the size of the orifi ce between the spool and the cage cross holes of the PV. 
This means that the fl ow will be dependent on the pressure drop across this 
orifi ce. Therefore the resultant fl ow will vary based on the fi xed orifi ce 
equation described in Chapter 7

The equation (P2 - P3) AEC = FS shows that the spool will move whenever the 
left side of the equation does not equal the right side. The spool position 
changes when P2 is greater than P3 by an amount over the rated pressure 
compensation value of the EC.  For example, assume the pressure compensation 
value of the EC is 80 psi. Then, if the difference between P2 and P3 is greater 
than 80 psi, the left side of the equation above is greater than the right side. 
The effect on the EC is that the spool metering edge will close off the cage 
cross-holes. This will cause the pressure P3 to increase until the equation is 
balanced again. As expected, if the difference between P2 and P3 is less than 
80 psi, the spool metering edge will move to increase the opening of the cage 
cross holes at port 2E. These concepts are summarized in the drawings below.

P2 P2

P3

FS + P3 AEC > P2 AEC

P2

P3

FS + P3 AEC = P2 AEC FS + P3 AEC < P2 AEC

P3



Chapter 8: Non-Compensated Flow Control

Page 122  Electro-Hydraulic Proportional Valves Manual

 Performance of PFR70-33-E

The fl ow vs. current characteristic for the PFR70-33-E is shown below.
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1.8
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1.6
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1.4

% of Max. Operating Current
Amp (12V coil)

Flow vs. Current (207 bar/3000 psi Load)
PV70-33A with EC10-30 spring settings:

11 bar/160 psi spring ——
5.5 bar/80 psi spring - - - -

This graph shows the performance of the PFR70-33A-E with two different com-
pensator springs in the EC10-30. From the graph, the fl ow range and the hysteresis 
can be determined, as well as the threshold current and the saturation current. 
The fl ow range shown above is from 0 to 5.25 gpm when the PV70-33 is used 
with the EC10-30, which has an 80 psi compensating spring. If the EC10-30 has a 
160 psi compensating spring, then the fl ow range is 0 to 8.25 gpm. The hysteresis 
for either fl ow range shown above is less than 6%. This is true as long as PWM 
or dither is applied to the coil. (Refer to the HydraForce Proportional Pressure 
Control Course Manual for a defi nition of PWM, dither, and how these are used 
to reduce hysteresis.) The threshold current is 13% of the maximum operating 
current. The maximum operating current for the 12V coil is 1.5 Amp when used 
with the PV70-33. (The maximum current draw limitation will be defi ned in 
Chapter 14). As mentioned above, the saturation fl ow for the PFR70-33A-E is 
5.25 gpm when the 80 psi spring is used. The saturation current for the combina-
tion, which has an EC10-30 with the 80 psi compensation spring, is 75% of the 
maximum current and 95% of the maximum current for the 160 psi compensation 
spring.

As noted on the graph above, there are two different maximum fl ow rates depend-
ing on the compensator springs. Recall from the previous section that the EC10-30 
should maintain a constant pressure drop across the PV70-33 that is equal to the 
compensating spring value. Further, when the spool of the PV70-33 is fully shifted 
(IMAX applied), the maximum fl ow should be predicted from the pressure drop 
curve given in the performance section of the PV70-33.
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The following graph is used to depict this concept. It is the same one used to 
describe the pressure drop through the PV70-33. The difference is that only the 
curve for the PV70-33A is shown and two fl ow values and two pressure values 
are highlighted.

Flow vs. Pressure Drop through the PV70-33A
with maximum current applied

7.5 15.1 45.437.930.222.6 53.0 Flow (lpm)
20.7

3.4
5.5
6.9

13.8

17.2

10.3

P
ressure drop (bar)

300

80
100

150

200

250

50

P
re

ss
ur

e 
dr

op
 (

ps
i)

Saturation flow through PFR at
maximum current with 80 psi

compensator spring

0
0 75.2542 8 141210 Flow (gpm)

Maximum flow from PFR if there
was no pressure drop through

the manifold

The fi rst fl ow highlighted in the graph above is the maximum fl ow for the PFR 
with an 80 psi compensator spring. The second fl ow highlighted is the fl ow that 
creates a pressure drop of 80 psi across the PV70-33. These were selected to 
show the effect of pressure drop through a manifold. As noted on the graph, if 
there was no pressure drop through the manifold, the maximum fl ow the PFR 
would control is 7 gpm with the 80 psi compensator spring in the EC. However, 
as the graph also shows, the maximum fl ow is 5.25 gpm but the pressure drop 
for the PV70-33A at this fl ow is only 50 psi. This implies that the pressure drop 
between PV70-33A and the EC10-30 is 30 psi. This is the pressure drop of the 
manifold.
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The other characteristic that defi nes the performance of the PFR70-33A is the 
compensation characteristic. The curves below depicts the performance or com-
pensation characteristic of the EC10-30 with the 160 psi compensating spring.

Outlet Pressure vs. Flow Pressure

34.5 207.0172.5138.0103.569.0
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Three different curves are shown on the graph. Each curve represents a different 
orifi ce or spool/cage opening of the PV70-33A. Recall that each orifi ce size is 
dependent on a given amount of current. This current level can be related to the 
previous graph showing fl ow versus current. The current level is written next to 
the corresponding compensation curve. One other characteristic worth noting on 
the graph is the sloped line starting at zero and joining the three compensation 
curves. This line represents the fl ow characteristic (pressure drop) of the compen-
sator before the spool of the EC10-30 actually moves. In other words, the fl ow 
is not being compensated for changes in the pressure downstream of the outlet. 
The reason for this is that the pressure differential force across the EC10-30 spool 
does not exceed the spring force. Recall the equation (P2 - P3) AEC = FS which 
determines at what pressure differential the spool compensates or moves. When 
the difference in these two pressures does exceed the spring force, the spool 
begins to compensate for changes in pressure. This is shown by the fact that the 
three curves are relatively fl at, even though the pressure is increasing.



Chapter 8: Non-Compensated Flow Control

 Electro-Hydraulic Proportional Valves Manual  Page 125

XY Plotter

Vary Load
Pressure

P2

P
1

RV1

RV2

The method or test used to develop these curves is shown above. RV1 is set to 
a maximum setting to protect the circuit. RV2 represents a change in load pres-
sure. The curves are generated by recording the fl ow and difference in pressure 
between P1 and P2 on an x-y plotter. The fl ow available from the pump is set 
to a level that exceeds the maximum rating of the PFR70-33. The excess fl ow 
discharges across RV1 depending on the current level applied to the PV70-33. 
Initially, RV2 is set to the lowest pressure setting. The current applied to the 
PV70-33 is then set to one of the levels given on the graph on the previous page.  
Finally, the setting of RV2 is slowly changed and the x-y plotter records the 
change in fl ow and pressure.
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 PFR70-33-F

The PFR70-33-F is a combination valve similar to the PFR70-33-E described 
in the previous section. The difference between the two is the compensator. 
The compensator used in the PFR70-33-F is an EC10-40. This compensator 
regulates fl ow similar to the EC10-30 but it also has an extra port to bypass 
excess fl ow to other hydraulic functions. In principle, the operation of this 
valve is the same as the priority/bypass fl ow regulator described in Chapter 7.

The cross section of the PFR70-33-F is shown below (the coil and the propor-
tional actuator were omitted to show the hydraulic components more clearly). 
A description of the operation of this valve follows as well as a typical fl ow 
vs. current characteristic and pressure compensation characteristic.

Port designation for operation of PFR70-33-F
3P = Port 3 of PV70-33
2P = Port 2 of PV70-33
4E = Port 4 of EC10-40
3E = Port 3 of EC10-40
2E = Port 2 of EC10-40
1E = Port 1 of EC10-40

PFR70-33X X - F X - 8T - X - XX - XX

Base Model

PV70-33 Flow Range

Manual Override Option: M
Non-manual Override: blank

80 psi Compensator Spring: 80
160 psi Compensator Spring: 160

SAE 08 Ports: 8T

Buna N Seals: N
Fluorocarbon Seals: V

No coil: 0
12V Coil: 12
24V Coil: 24

Termination
Inlet

1

2P

4E

1E

3E

2

Priority

2E

3

3P Bypass

1

23
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 Operation of PFR70-33-F

The fi rst diagram used to describe the operation of the PFR70-33-F is shown 
below. As with the PFR70-33-E, when no current is applied, oil does not fl ow 
through port 3P to port 2P of the PV70-33. The oil fl ows in and around port 
3P to port 1E of the EC10-40. The pressure at port 1E exerts a force greater 
than the spring force, causing movement of the EC10-40 spool. The spool 
compresses the spring until the spool movement is stopped by the adapter. 
This is the extreme shifted position as also seen on the EC10-30 spool in the 
PFR70-33-E. The oil at 1E then exits through port 2E and out through the 
bypass port.

spool movement
limited by adaptor

3E

2E

1E

4E

2P

Oil

3P
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The next diagram shows the spool of the PV70-33 has moved because current 
was applied to the coil. Oil fl ows from port 3P to 2P of the PV70-33 and then to 
port 4E of the compensator. The oil continues to fl ow through the compensator, 
exiting port 3E or the priority hydraulic function. Any excess fl ow is diverted 
through port 1E and out of port 2E of the EC10-40 to the bypass or secondary 
hydraulic function.

Oil

3P

3E

2E

1E

2P

4E
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The last diagram depicting the operation of the PFR70-33-F is shown below. 
In this diagram, the spool of the PV70-33 has uncovered more of the cage cross 
holes at port 2. This is because an even higher level of current has been applied 
to the coil than in the previous diagram. Corresponding to this increased open-
ing is an increased opening at port 3E of the EC10-40. This implies that a lower 
amount of fl ow is bypassed downstream of port 2E of the EC10-40.

Oil

P1

3P

P2

P5
1E

2E

2P

4E

P3

3E

P4
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 Forces Acting on EC10-40 Spool

The amount the spool of the EC10-40 opens the cage cross holes at port 3E 
or the position of the spool is determined by the same equation given for the 
EC10-30. Again, the position is dependent on maintaining a differential pres-
sure force equal to the force exerted by the spring. This is summarized in the 
diagram below.

The variables below are used to describe the forces acting on the EC10-40 
spool:

AEC  P2 = Pressure force acting on spool at Port 1     
AEC  P3 = Pressure force acting on spool at Port 4    
FS = Spring force

The following equation describes the balance of forces acting on the EC10-40 
spool: AEC  P2 =  AEC  P3 + FS

The equation above is balanced whenever the inlet pressure force minus the 
outlet pressure force is equal to the spring force.  This is summarized as 
follows: (P2 - P3) AEC  = FS .

AEC

P2

P3 FS
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 Performance of PFR70-33-F

The following graphs are used to describe the performance of the PFR70-33-F.  
These include the fl ow vs. current characteristic and the compensation 
characteristic of the priority port of the EC10-40.

The fl ow vs. current characteristic is shown below. 
The following information can be determined from this graph:

Flow Range: 0 - 8.25 gpm with EC10-40 160 psi compensation spring
0 - 6.25 gpm with EC10-40  80 psi compensation spring
0 - 4.25 gpm with EC10-40  40 psi compensation spring

Hysteresis: < 6%

Threshold Current (IMIN): 13% of maximum operating current

Saturation Current: 1.40 Amp with EC10-40 160 psi compensation spring
1.30 Amp with EC10-40  80 psi compensation spring
1.10 Amp with EC10-40  40 psi compensation spring
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Flow vs. Current (207 bar/3000 psi Load)
PV70-33A with EC10-40 spring settings:

11 bar/160 psi spring ——
5.5 bar/80 psi spring - - - -
2.8 bar/40 psi spring . . . . .
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The fl ow vs. pressure characteristic for the EC10-40 when used in the 
PFR70-33-F is shown below.

37.9/10

41.4
600

PRESSURE bar/psi

F
LO

W
 lp

m
/g

pm

Priority Port Flow Rate Loss Under Load
PV70-33B with EC10-40 Springs:

11 bar/160 psi compensator ——
5.5 bar/80 psi compensator - - -
2.8 bar/40 psi compensator . . . .

82.8
1200

124.1
1800

165.5
2400

206.9
3000

34.1/9
30.2/8

22.7/6

15.1/4

7.5/2

26.5/7

18.9/5

11.4/3

3.8/1

The curves above show  droop. That is, they do not remain fl at. This occurs 
because of a fl ow force acting on the compensator spool. Instead of the force 
balance equation consisting only of the spring force and pressure force, the fl ow 
force is added in as well. The new equation is  FS = (P2 - P3)AE + FFlow. This 
shows the spring force needs to work against the fl ow force as well.  
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Other PFRs

 PFR70-35-L

Shown below is the cross section of the PFR70-35-L. It is considered to be a 
normally open, restrictive type proportional fl ow control valve. The fl ow vs. 
current performance is given on the following page. Since this combination 
valve is similar to the PFR70-33E, the operation can be obtained in the section 
describing it.

PFR70-35-L

Inlet

1

Outlet
2

1

2

PFR70-35 X X - L X - 8T - X - XX XX

Base Model

No Coil: 0
12V Coil: 12
24V Coil: 24

 Buna N: N
Fluorocarbon: V

SAE 08 Ports: 8T

80 psi Compensator Spring: 80
160 psi Compensator Spring: 160

Manual Override Option: M
Non-manual Override: blank

PV70-35 Flow Range

Termination
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 Performance of PFR70-35-L

Shown below is the fl ow vs. current characteristic for the PFR70-35-L. When 
a 160 psi spring is used in the EC10-30, the threshold current for this assembly 
is 13%. When the 80 psi spring is used, the threshold current is 32%. The 
hysteresis, as in the PFR70-33, is less than 6%. The operation is similar to 
the PFR70-33-E. The only difference is that the current is increased to decrease 
the fl ow.
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Flow vs. Current (No Load)
PV70-35-L  with EC10-30

11 bar/160 psi spring ——
5.5 bar/80 psi spring - - - -
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 PFR70-33-J

This combination valve is similar to the PFR70-33-F in that it uses a PV70-33. 
However, the compensator is the larger EC12-40. With this combination, the 
bypass fl ow that can be reached is 11 gpm when the compensator spring is either 
100 psi or 160 psi. This is in comparison to the maximum bypass fl ow of 7 gpm 
with the EC10-40 and either compensator spring value of 80 psi or 160 psi. Also, 
the larger compensator spool may provide improved system stability in some 
applications.

 PFR72-33 and  PFR72-35

There are similar combinations using 12 size direct acting proportional valves. 
The advantage to these valves is that they allow for a higher regulated or priority 
fl ow as compared with the PV70-33 or PV70-35. The operation is similar to that 
of the 10 size product. The typical maximum regulated fl ow is 17 gpm with the 
160 psi spring in the compensator. Again, the maximum bypass fl ow with the 
EC12-40 is 11 gpm.
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Summary

In this chapter the following concepts were presented:

• A description of the operation of a direct acting, 
non-compensated fl ow control.

• Why a fl ow vs. current characteristic is not given for the 
non-compensated fl ow controls.

• A defi nition of the fl ow force.

• How HydraForce designs to compensates for the effect 
of fl ow forces.

• Why the non-compensated fl ow controls require an 
external compensator.

• A defi nition of compensating pressure.

• How the PV70-33 works with either an EC10-30 
or EC10-40.
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Review Questions

Use the following review questions as a measure of your understanding of the chapter material.  
Answers are provided in the appendix.

1. What are the forces acting on the components of the PV70-33?

2. Why is the PV70-33 typically used with an external pressure      
 compensated fl ow control?        

3. What maximum differential pressure can be applied across 
 a PV70-33 or PV70-35?

4. Defi ne the compensation value.

5. Describe the operation of the manual override available for the PV      
 style of valves.

6. What two factors determine the maximum fl ow rating of a PV70-33?

7. What are some of the reasons to use an EC12-40 priority/bypass      
 compensator over an EC10-40 when a PV70-33 is used?

8. What is the principle difference between a PV70-33 and a PV70-35? 

9. If the load down stream of the PFR70-33- E suddenly changes 
 from a requirement of 2000 psi to 1500 psi and the inlet pressure 
 is 3500 psi, what happens to the fl ow seen by the load? 
 (Assume that the current remains unchanged.)
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Chapter 9: Internally Compensated 
Flow Control

Objectives

• Learn about the restrictive internally compensated fl ow controls.

• Learn about priority bypass internally compensated fl ow controls.

• Discover how a priority bypass fl ow control can be made into 
a restrictive type.

• Learn how the fl ow force affects the compensation characteristic.

• Learn about the reverse fl ow check valve built into one of the 
restrictive style valves.

Introduction

In this chapter we will learn about the proportional fl ow control valves that are 
internally compensated. That is, there is a compensating element or spool/spring 
combination that is built into these valves. This combination works similar to the 
one in the EC10-30 and EC10-40 which are described in the previous chapter. 
The operation, construction and function of both restrictive and priority/bypass type 
internally compensated proportional fl ow controls will be presented in this chapter.

HydraForce and the HydraForce logo are registered trademarks of HydraForce, Inc. 
The entire content of this manual is copyright 2008 HydraForce, Inc. All rights reserved.
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PV72-20

The PV72-20 is a direct acting,  internally compensated, normally closed, 
proportional fl ow control. The normally open version is the PV72-21. The 
valves are virtually identical except for the metering spool. The difference 
between a normally open and normally closed metering spool will be 
discussed in the PV70-30 section. The performance, forces acting on the 
valve, components and operation are described in the following sections.

HydraForce offers restrictive type, internally compensated fl ow controls in 
several cavity sizes. However, the PV72-20 is unique because it is the only 
valve in the range that is a 2-ported valve. In order to accomplish this func-
tion in other cavity sizes, one of the three ports in the PV70/76-30 style valves 
would be blocked. This will be further explained in the section describing the 
PV70-30. The PV72-20 is a two way valve designed specifi cally for restrictive 
fl ow control (which is a 2-way function). This implies that the valve was 
optimized for maximum fl ow handling capability. 

PV72-20

Nut

1

Compensating Spring

Cage

Compensating Spool

Metering Spool

Metering Spool Guide

Metering Spool Spring

Push Pin

Tube Assembly

Plunger

2

PV72-20 X - 0 - X -00

Base Model

Non-Manual Override: blank
Manual Override: M

Voltage/Termination:
Coil Only: 00

Seals: Buna N: N
Fluorocarbon: V

Body type: Cartridge Only: 0
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 Construction of PV72-20

The drawing below shows an enlarged view of the hydraulic components of 
the PV72-20. There are a few interesting features that are common to all the 
internally compensated fl ow controls. First, as expected, there are two spools.  
This is because the metering spool of the PV72-33 has been combined with the 
compensating spool of the EC12-30 into one valve.

All of the hydraulic components described below have been heat treated. This 
provides a hard surface for wear resistance. The compensating spool, which 
rides inside the cage, has a ground outer surface and a  honed inner diameter. 
The cage itself is also honed. The outer surface of the metering spool guide is 
ground, as is the metering spool. The inside surface, where the metering spool 
rides, is honed. These processes are done to allow a close fi t between the parts 
to minimize the leakage from the inlet (port 1) to the tank (port 2). 

There are two other features worth noting in the construction of the internally 
compensated fl ow controls. The fi rst is that the   metering spool guide fl oats in 
the assembly. This is to reduce the mechanical friction between the guide and 
compensating spool. If it did not fl oat, it may rub on one side of the compensat-
ing spool rather than being centered. The last feature to note is the contoured 
edge of the  compensating spool which minimizes the affects of fl ow forces. 
Without it the maximum fl ow may be limited to a lower value.

Metering Spool

Metering Spool Guide

Contoured Edge of Compensating Spool

Ground Surface of Metering Spool Guide

Honed Surface of Compensating Spool

Compensating Spool

Cage

Honed Surface of Metering Spool Guide

Ground Surface of Metering Spool
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 Performance of PV72-20

Two primary characteristic graphs are presented in this section: the fl ow vs. 
current performance and the pressure compensation characteristic. The fi rst 
graph shown below is the fl ow vs. current characteristic. The inlet pressure at 
port 1 was 3500 psi and the load pressure down stream of port 2 of the PV72-20 
was 3000 psi. A current regulated electronic driver with the dither frequency set 
to 100 Hz was used to drive the current across the coil.
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The graph above shows that the hysteresis is less than 6%. The fl ow range is 
0 to 16 gpm. Saturation of the fl ow occurs at 1.5 amp or 100% of the rated 
current. Note that for the  PV72-20 and PV72-21 the maximum control current 
is also the saturation current. For these two valves this value is 1500 mAmp for 
a 12V coil.
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The graph below defi nes the compensation characteristic. Notice that the curves 
are fl at or horizontal. This implies that regardless of a change in the upstream 
or downstream pressure, the fl ow remains constant based on the current applied. 
This is true as long as the difference in pressure between the inlet and outlet is 
above the compensation spring value, or approximately 245 psi. This is indi-
cated by the bend in the curves where the fl ow characteristic changes from fl at 
to a steep decrease in fl ow to zero.
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The following schematic depicts the hydraulic circuit used to develop the graph.  
The fl ow and pressure was recorded using an x-y plotter. The inlet pressure 
(RV1) was set to 3500 psi and the fl ow is set to one of the levels shown on the 
graph. The load relief valve (RV2) was initially set to the minimum setting. This 
gives the largest differential between P1 and P2. The setting of  RV2 is slowly 
increased thus decreasing the difference between P1 and P2 until the fl ow and 
pressure go to zero.

P1

P2

RV1 = 3500 psi

RV2
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 Forces on PV72-20

Shown below is the cross section of the PV72-20. The forces acting on the 
components are also labeled on the drawing. The direction the arrowheads face 
indicates the direction in which the force is acting. The spring forces FS1 and 
FS2, like all the compression springs, oppose the movement of the components 
in the valve. In this valve these are the armature and compensating spool, 
respectively.  Also, a description of each force is provided below.

Where:

FM = Magnetic force

FS1 = Metering spool spring force

FP  = Compensator spool pressure force

FS2 = Compensation spool spring force

As with the non-compensated proportional valves presented in Chapter 8, 
the consideration of friction and viscous damping forces have been omitted 
because these forces are typically much smaller.

The  magnetic force and the  spring force acting on the metering spool are the 
same as those defi ned in Chapter 8. As for the spring and pressure force acting 
on the compensator spool, the forces defi ned for the EC10-30 are similar. 
All four of these forces will be briefl y reviewed in the following section.

FM

FS1

FS2

FP

Air Gap

Pole Piece

Compensating
Spool

Armature
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A = Position of armature closest to pole piece

Magnetic

Spring force

B

F
or

ce

Air gapA

Force

B = Position of armature furthest from pole piece

FS2 FP2

FP1

AEC

The  metering spool spring force and the  actuator magnetic force are briefl y 
viewed in the graph below.

The spring force is dependent on the stiffness of the spring and how much the 
spring is compressed. The magnetic force is dependent on the amount of current 
applied to the coil, but not on the position of the armature. This implies that the 
force balance equation for the metering spool is FM = FS. In other words, the 
magnetic force is balanced by the spring force, or, for each current level which 
creates a given level of magnetic force, there is an equal and opposite spring 
force.

The other two forces of concern in the PV72-20 are the compensator spring 
force and pressure force acting on the compensation spool. The compensator 
spool is shown below with the direction these forces act, as well as the area on 
which the pressure acts. 

Where:

AEC = Area affected by pressure    
FS2  = Compensator spring force    
FP1  = Force due to the inlet pressure acting on AEC 

FP2  = Force due to the load pressure acting on AEC

As with the compensator spools in previous chapters, 
the  force balance equation is FS = FP1 - FP2. Again, 
this equation shows that the spool will not move or 
compensate for changes in load pressure until the 
difference between the two pressure forces exceeds 
the spring force.
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 Operation of PV72-20

The operation of the PV72-20 is similar to the PV70-33-E. The function of the 
valve is to give a constant fl ow for a given current level regardless of the load 
pressure. The fi rst drawing to the left shows the metering spool in the neutral 
position. In this case the current has not been applied to the coil. Notice that the 
compensator spool has moved to block off the cage holes at port 2. This occurs 
because there is no load pressure to oppose the force created by the inlet pressure.

The next diagram shows that the metering spool has opened 
or uncovered some of the cross holes in the guide. Notice 
however that the compensating spool has moved back to the 
neutral position. This occurred because the pressure drop 
(difference between the inlet and load) is less than 240 psi 
or less than the compensating value.

Oil

Port 2

Port 1
Inlet Pressure at

Metering Spool
has moved to
Allow Flow

Guide
Cross-Holes

Open

Spool in Neutral
Compensator
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Compensator
Spool moved to
Restrict Flow

The diagram to the right shows that the compensating 
spool has moved to restrict the fl ow of oil to the load.  
As expected, this happened because the pressure drop 
across the inlet and outlet has exceeded the compen-
sating spring value.

In the next two drawings shown below, the metering 
spool has moved even further to allow more fl ow. 
The difference between the two diagrams is the 
position of the compensating spool. The diagram to 
the left shows the compensating spool moved down 
further, opening more of the cage cross hole com-
pared to the drawing on the right. The opening of the 
cage cross holes created by the edge of the compen-
sating spool is less because the load downstream is 
less than the one to the left. This illustrates that the 
operation of the PV72-20 is the same as the 
PFR70-33-E. That is, if the load decreases, the 
compensating spool moves to assure the fl ow rate 
is maintained.

Note difference
in position of

Compensator
Spool
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 PV70-30

The PV70-30 is a normally closed, internally compensated, proportional fl ow 
control valve. The operation of this valve is similar to the PFR70-33-F described 
in Chapter 8, however it is one cartridge rather than two. The cross section of 
the valve is shown below. The normally open version, PV70-31, is shown on 
the following page. The difference between the two is the  metering spool. The 
comparison of these two spools is also shown on the following page.  Both the 
PV70-30 and PV70-31 can be used as either a restrictive type fl ow control or a 
priority/bypass style. These valves can be used as restrictive type fl ow controls 
by blocking port 2. The performance difference between the 2-way mode and 
3-way mode, as well as forces acting on the components and operation of the 
PV70-30, are presented in the following sections.

PV70-30

Nut

Tube assembly

Cage

Damping guide
Compensating spool

Metering spool guide

Metering spool

Metering spool spring

Push pin

Plunger

Compensating spool spring

1

32

PV70-30 X X - 0 - X -00

Base Model

Flow Range 10 gpm: A
5 gpm: B

Voltage/Termination: Coil Only: 00

Seals: Buna N: N
Fluorocarbon: V

Body type: Cartridge Only: 0

No Manual Override: blank
Manual Override: M

Option M,with Guard: G
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PV70-31

1

32

Metering Spool
Open Here

Metering Spool
Closed Here

PV70-30
(normally closed)

PV70-31
(normally open)

PV70-31 X X - 0 - X -00

Base Model

Flow Range 10 gpm: A
5 gpm: B

Voltage/Termination:
Coil Only: 00

Seals: Buna N: N
Fluorocarbon: V

Body type: Cartridge Only: 0

No Manual Override: blank
Manual Override: M

Option M,with Guard: G
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 Performance of PV70-30

The graphs below represent the performance of the PV70-30. The fi rst graph 
is the fl ow vs. current characteristic when the valve is used as a restrictive type 
fl ow control. Recall that at a restrictive type fl ow control is a two port device 
with an inlet and a regulated work port. The load pressure was held at 3000 psi 
while the current was varied in the graph below. Also, the dither frequency was 
set to 110Hz.

The graph above shows that the  regulated fl ow range of the    PV70-30A when 
used as a restrictive fl ow control is 0 to 8.5 gpm. The threshold current is 20% 
and the saturation current is 95% of the maximum current. The hysteresis is 6%.
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The next graph shows the fl ow vs. current characteristic of the PV70-30A when 
used as a 3-port priority/bypass fl ow control valve. As with the previous graph, 
the load pressure was 3000 psi and the dither frequency was 110Hz while the 
current was varied.

The hysteresis and threshold current are the same as the previous graph. 
However, the saturation current is 90% of the maximum control current. 
Note that for the PV70-30 and the PV70-31, the maximum control current 
corresponds to the saturation current when the valve is used as a two port 
restrictive type valve. That is, when the valve is a 3-way bypass style, the fl ow 
saturates at a lower current. The saturation current is 1250mA for the 2-way 
mode and 1200mA for the 3-way mode. This is less than the 1500 mA given 
for the PV72-20. A further explanation of the maximum allowed current for 
the proportional fl ow controls will be given in Chapter 14.
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The following graphs represent the  compensation characteristic. The fi rst one 
shows the compensation characteristic for the  PV70-30A when it is used as a 
two-port restrictive type valve. The test schematic used to develop these curves 
is also shown below the graph. It is similar to that of the one used for the 
PV72-20.

The  relief valve used to simulate the load, RVREG , is initially set to the lowest 
possible setting. This would cause the difference between PREG and  PIN to be 
approximately 3500 psi. This is indicated by the pressure recorded to the far 
right of the graph. The setting of RVREG is increased until the fl ow at FLREG is 
reduced to zero. This is because there is insuffi cient pressure to overcome the 
setting of RVREG. The droop shown in the top curve from 8.00 gpm to 6.5 gpm 
will be explained further in the operation section.
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The next graph is the compensation characteristic for the priority/bypass func-
tion of the PV70-30A. The difference between this and the previous schematic 
is the additional load relief valve RVBY, connected to port 2. The graph below 
shows how the regulated fl ow varies with a change in pressure. The left side 
shows how well the desired regulated fl ow is maintained, while the pressure in 
the bypass line changes. The right side shows the change in regulated fl ow due 
to varying pressure in the regulated line.
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 Forces of PV70-30

The diagram below shows the cross section of the PV70-30A and the forces 
acting on the components. Notice that these are all similar to the ones described 
for the PV70-20 except for the fl ow force and damping force indicated on the 
compensation spool. For a description of all other forces except the fl ow force 
and damping force, refer to the PV72-20. The damping force and fl ow force are 
described in previous chapters.

Where:

FM = Magnetic force

FS1 = Metering spool spring force

FP1 = Inlet port pressure force

FP2 = Bypass port pressure force 

FF  = Flow force 

FS2 = Compensator spring force
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 Forces acting on Compensating Spool

The diagram on the previous page shows a cross-section of the compensating 
spool and cage. The forces acting on the spool are labeled. As with the compen-
sating spool in the PV72-20, there is a  spring force and a  pressure differential 
force. A third force shown is the fl ow force. A full description of the fl ow force 
was presented in the previous chapter. The fl ow force is noted here in order to 
describe why the compensation curve is not fl at, or droops. This is when the 
current applied is greater than 65% of IMAX. As with the other compensating 
spools, its position relies on the compensator spring force being balanced by the 
pressure force or FS2 = FP1- FP2. However, the fl ow force can also infl uence the 
position of the compensating spool. In most compensators, the fl ow force is not 
as large as the other two and therefore is omitted for simplicity. In the case of 
the PV70-30, where HydraForce tried to maximize the available regulated fl ow, 
the fl ow force is almost as large as the other two forces. Notice that the fl ow 
force acts on the spool where oil exits at both port 2 and port 3. In other words, 
there is a fl ow force acting on the spool when oil fl ows through the regulated 
port and the bypass port. The force balance equation is FS2 = (FP1- FP2) + FF. 
This equation shows that as the fl ow force increases, the compensator spring 
will need to increase.  Recall that the spring force is determined by how much 
it is compressed. When the compensator spool moves, the compensator spring 
is compressed. Thus balancing the fl ow force. As this occurs, the compensating 
spool closes off the cage cross holes at port 2, thus restricting or reducing the 
fl ow expected. This is shown on the graph as droop.
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 Operation of PV70-30

In this section, various operating modes of the 
PV70-30 will be described. The fi rst diagram 
shows that the plunger/pushpin is pushing down 
on the metering spool because current is applied to 
the coil. As with the PV72-20, the compensating 
spool is actively metering the fl ow at the regulated 
port. Also, notice that the excess fl ow is being 
bypassed through port 2.

This is the typical operation of the PV70-30. 
That is, a current level is selected causing the 
metering spool to move to a defi ned position. 
The compensating spool then moves in response 
to a change in pressure. This assures a constant 
pressure drop across the metering spool. The 
compensating spool of the PV70-30 begins to 
regulate at a differential pressure of 190 psi. 
The oil is fl owing out of the regulated and bypass 
port. In order to achieve the maximum rated 
regulated fl ow given in the performance section, 
the inlet fl ow must be 10-20% greater.

The next diagram shows what occurs if the fl ow 
downstream of port 3 suddenly stops. This could 
happen if a cylinder reaches the end of its stroke. 
Notice the metering spool is still in the shifted 
position, as shown in the previous diagram. The 
compensating spool has moved back to its original 
at rest position, closing off the bypass port. The 
reason is related to the forces acting on the com-
pensating spool. As noted in the previous section, 
the compensating spool moves in response to 
changes in the inlet pressure, outlet pressure, fl ow 
force and the spring force. Recall that the force 
balance equation is FS = (PIN - POUT) ASP + FF. 
When fl ow is stopped, because the load is no lon-
ger moving, the difference between PIN and POUT is 
zero. This implies that there is no force to balance 
the spring force. Therefore, the spring pushes the 
compensating spool until it stops on the cage. This 
in turn causes the bypass fl ow to go to zero and all 
the fl ow will then pass through the system relief.
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to Priority Load

Parallel Orifice here

to Bypass Load

PV70-33

The operation of the compensating spool closing off the bypass port will also 
occur with the EC10-40 when used with the PV70-33 as discussed in Chapter 8.  
If continuous fl ow is required to the bypass, regardless if the fl ow to the 
regulated port ceases, it is recommended to install a small orifi ce in parallel 
with the regulated load, as shown in the schematic below.

An 0.020 orifi ce is recommended to be used with the PV70-30, PV70-31 and 
PV70-33. An 0.031 orifi ce is recommended to be used with the PV72-30, 
PV76-30, PV72-31, PV76-31 and PV72-33. Alternatively, a relief valve could 
be installed in place of the parallel orifi ce. The setting of this relief valve should 
be lower than the setting of the system relief, but higher than the pressure 
required to move to load.
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 Damping Chamber Operation

Inside the priority/bypass internally compensated fl ow control valve is a 
damping chamber. The damping chamber is also the area that holds the 
compensating spool spring. This chamber dampens or slows the movement 
of the compensator. Its function is to prevent the spool from oscillating, which 
can occur due to fl uctuations in the output of fl ow from the pump (known as 
 pump ripple). The fl uctuations in fl ow may also occur because of the stopping 
and starting movement of an actuator. This is caused by the mechanical friction 
of the piece of equipment in which the valve and actuator are installed.  

When the compensator spool moves to regulate fl ow the damping chamber is 
in operation. As it moves, oil is pumped in and out of the damping chamber.  
When the compensating spool moves up, as shown in the left hand diagram 
below, oil is pushed out of the damping chamber. When the damping spool 
moves down, oil is drawn into the damping chamber as shown on the right.

The clearance between the compensating spool and guide determines the 
amount of damping. This clearance is balanced to allow the compensator to 
react to changes in load pressure, but to ignore small oscillations due to pump 
ripple.
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Summary

In this chapter the following concepts were presented:

• The performance of restrictive style internally compensated fl ow  
  controls.

• The performance of the priority/bypass internally compensated     
  fl ow controls.

• The reason for droop in a compensation curve.

• Basic construction of an internally compensated fl ow control.

• How a priority/bypass fl ow control can become a restrictive style  
  fl ow control.

• Bleed orifi ce requirements for no fl ow priority/regulated port such  
  as at the end of a stroke condition.
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Review Questions

Use the following review questions as a measure of your understanding of the chapter material.  
Answers are provided in the appendix.

1. What type of fl ow control is the PV72-20?

2. Which port of the PV70-30 is blocked to make it a restrictive      
 type fl ow control?

3. What does the compensating spool do if the load pressure suddenly      
 changes? Assume that the difference between the inlet pressure and      
 load pressure is greater than the compensating pressure and the 
 current remains constant.

4. What is the difference between the PV70-30 and PV70-31?

5. How many spools are inside the internally compensated fl ow controls?

6. True or False. Inside the internally compensated fl ow controls,      
 the magnetic force is balanced by the metering spool spring force.

7. What purpose does the damping chamber serve? 
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Chapter 10: Bidirectional Flow Controls

Objectives

   • Learn about the patented, bidirectional fl ow control valves.

   • Understand how the fl ow force affects the performance of the ZL70-36.

   • Learn why there is a small pressure sense tube used in the ZL70-30.

   • Understand the differences between the ZL70-33 and the ZL70-36 valves.

Introduction

This chapter introduces the proportional bidirectional fl ow control valve 
for which HydraForce has obtained two patents. The fi rst patent protects the 
invention of the bidirectional, internally compensated fl ow control. This is a 
restrictive style two-port device. The second patent protects the invention of a 
unique, internally compensated fl ow control specifi cally designed for use with 
a single acting cylinder. In one direction the valve acts as a priority/bypass 
fl ow control and in the other it acts as a restrictive type. The operation, 
performance and forces acting on the valve components will be presented. 
The application of these valves will be presented in the following chapter.

HydraForce and the HydraForce logo are registered trademarks of HydraForce, Inc. 
The entire content of this manual is copyright 2008 HydraForce, Inc. All rights reserved.
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 ZL70-30

The ZL70-30 is a bidirectional, normally closed internally compensated, 
proportional, restrictive type fl ow control. Like the PV70-31, the ZL70-31 is the 
normally open version of this valve. The cross section, model code structure and 
two symbols are shown below. The fi rst symbol separates the compensating 
element and the variable metering orifi ce. The second symbol was created for 
ease in drawing of a hydraulic circuit. The performance, forces acting on the 
valve components and operation will be presented in the following sections.        

Nut

ZL70-30

Plunger

Cage

Metering Spool Guide

Metering Spool
Metering Spool Spring

Push Pin

Pressure Sense Tube

Damping/Spring Guide

Compensating Spool Spring
Compensating Spool

ZL70-30 X X - 0 - X - 00

Base Model

Option: Manual override: M
Manual override with guard: G

No Manual Override: blank

Voltage/Termination:
Cartridge Only: 00

 Code: N Buna: N
Fluorocarbon: V

Body type: Cartridge Only: 0

Flow Range: 20 lpm / 5.3 gpm: A
10 lpm / 2.6 gpm: B

Simplified Symbol
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Pinlet

Q

Pload
R1 = 3500 psi

R2 = 3000 psi

 Performance of ZL70-30

This section presents the two curves which describe the performance of the 
ZL70-30. These are the same type of graphs used to describe the performance 
of the restrictive type fl ow controls presented in the previous chapter. The fi rst is 
the fl ow vs. current characteristic and the second is the pressure compensation 
characteristic.  

The fl ow vs. current characteristic is shown below. While only one curve is 
shown on the graph, it actually represents the regulated fl ow regardless if port 2 
or port 3 is the inlet port used. In other words, the regulated fl ow is symmetrical 
regardless of the inlet. The schematic below represents the hydraulic system 
used to test the valve for this characteristic. A relief valve was installed down 
stream of the regulated port and was set to open at 3000 psi while the inlet 
pressure was limited to 3500 psi. The PWM dither frequency of the controller 
which powered the ZL70-30 was set at 110 Hz.

Regulated Flow vs. Current for ZL70-30A
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As the graph on the previous page shows, the hysteresis is less than 6%. 
The fl ow range is 0 to 5.3 gpm. Saturation occurs at 90% of maximum 
current or 1260 mAmp for a 12V coil.

The next graph shows the  compensation characteristic of the ZL70-30. The 
curves show that regardless of the change in pressure, the fl ow remains con-
stant. This is true up to the curve which represents the fl ow at 70% of maximum 
current. Above this curve there is some change in fl ow as the load pressure 
increases. The fl ow decreases as the pressure increases or there is a droop in the 
characteristic. The compensation spring value represented by the bend in the 
curve is 190 psi. This curve and the previous curve show little difference in the 
characteristic with regard to direction of fl ow through the valve.
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  Forces Acting on the ZL70-30

The same forces that act on the PV70-30 also act on the components of the 
ZL70-30. These include the  magnetic force, the  metering spool spring force, 
 compensating spool spring force and  fl ow force. These are all indicated on the 
diagram below. All these forces act equally regardless of the direction of fl ow. 
The direction of the spring force and fl ow force change, depending on if the 
fl ow is from 2 to 3 or 3 to 2. This is shown in the two enlarged diagrams of the 
compensating spool below.

Where:

FM = Magnetic force

FS1 = Metering spool spring force

FP1 = Compensator spool inlet port 
pressure force

FP2 = Compensator spool work port 
pressure force

FF  = Flow force 

FS2 = Compensator spring force
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 Operation of ZL70-30  

The diagrams that follow are used to describe the operation of the ZL70-30. 
The operation of the ZL70-30 is similar to that of the PV70-30. That is, power 
is applied to the coil, thus creating a magnetic force. The armature is attracted 
to the pole piece and pushes on the metering spool. Oil is then allowed to fl ow 
from port 2 to port 3 or port 3 to port 2. Port 1 is not connected externally from 
the valve to the hydraulic circuit.

The fi rst diagram to the left shows the valve when no current has been applied.  
Notice the metering spool is in the neutral or the de-energized position. Also, 
note that the  compensating spool has completely covered the cage cross holes at 
port 3. This is because there is no pressure at port 3 to balance the inlet pressure 
at port 2. The next diagram to the right shows oil fl owing from port 2 to port 3.  
Here the coil has been energized. Notice that the compensating spool has moved 
back to its initial at-rest position. As with the PV70-30, this is because the 
compensating spring force is greater than the force developed by the difference 
in pressure between ports 2 and 3. This would only occur if the inlet fl ow was 
actually lower than the desired regulated fl ow selected by the current applied to 
the ZL coil.
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Actuator side of Spool

Pressure Balanced 
or Equal on both sides
of Metering Spool

Bottom edge of Spool

Flow
Restricted

here

Oil

Typically, the fl ow available from the pump is greater 
than the desired regulated fl ow from the ZL70-30. 
When this is true, the compensating spool moves to 
restrict fl ow at port 3 as shown in the diagram to the 
left.

Flow
Restricted

here

Oil

The diagram below shows the oil fl owing from port 3 
to port 2. As in the previous diagram, the compensat-
ing spool is metering the fl ow of oil but in this case, 
the fl ow is restricted at port 2 rather than port 3.

The performance (linearity, hysteresis, stability and 
symmetrical fl ow) of the ZL70-30 not only depend on 
the damping chamber and tight fi t between the parts 
but also on the small tube inserted into the metering 
spool. This tube, known as a  pressure sense tube, 
balances the pressure on either side of the metering 
spool. This means that the pressure inside the actua-
tor portion of the valve is equal to the pressure at the 
bottom edge of the metering spool. These two areas 
of the valve are indicated in the drawing to the left.
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The following diagrams show how the pressure in the actuator would vary if the 
tube were not in place. In the two sets of diagrams following, the inlet is at port 
2. Notice in both, that as the oil fl ows through the spool there is a decrease in 
pressure. In the diagram without the tube, the lower pressure is transmitted to 
the actuator side of the spool through the small hole in the center of the spool. 
In the assembly with the tube, the pressure at the bottom of the spool, P2, is 
transmitted through the tube up to the actuator. Also shown below these pictures 
is a diagram of the forces acting on the spool. As the diagram to the left shows, 
the force acting on the bottom of the spool is greater than the force acting on the 
top of the spool. However, in the diagram to the right, the forces are balanced.

P2 > P3

P3 P2

P3
Oil Flows

2 to 3

P2 P2

F3F3

F2 > F3

F2 = F3

Spool does
not move
because
pressure

is balanced

Spool moves
up because
of pressure

force

F2 F2
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The next set of pictures depict what occurs when the direction of fl ow is 
reversed. The diagram to the left indicates that the pressure on the top of the 
spool is higher than the bottom and this causes the force on the top of the spool 
to be greater than the bottom. The picture to the right shows that the pressure 
and force are balanced because the tube transmits the pressure from the bottom 
of the spool to the top.

Oil Flows
3 to 2

P3 > P2

P3

P3

P2

P2
P2

F2F3

F2 > F3 F2 = F2

Spool does
not move
because
pressure

is balanced

Spool
moves down
because of 

pressure
force

F2 F2
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As shown on the previous page, if the tube was not present there would be a 
force imbalance acting on the metering spool. That is, there is a difference in 
the force on the actuator side of the spool versus the metering side. Not only 
would there be a force imbalance, but it also switches directions depending on 
the direction of the fl ow. If this were to occur when oil fl ows from port 3 to port 
2, this pressure force would assist the magnetic force. This assistance in force 
is so great that the fl ow vs. current graph would not be a straight line, but would 
appear as a step instead. However, when the oil is fl owing from port 2 to port 3, 
this force would work against the magnetic force. This is summarized in the two 
drawings below. This force imbalance would cause the fl ow vs. current char-
acteristic to appear different based on which port was the inlet, as shown in the 
following graph.

Spool moves
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pressure force

FM
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Oil

Flow port 3 to 2
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FM = Magnetic Force

FP = Pressure Force
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FF
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Flow port 3 to 2
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Regulated Flow vs. Current
for imbalanced pressure force
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 ZL70-33

The ZL70-33 is the fi rst of two valves specifi cally designed to proportionally 
control the lift and lowering of a single acting cylinder. It is a normally closed, 
internally compensated, bidirectional, proportional fl ow control. It is interesting 
to note that the ZL70-33 acts as a priority/bypass fl ow regulator when the inlet 
is at port 1. When the inlet is at port 3 and port 1 is blocked, the ZL70-33 acts as 
a restrictive type fl ow regulator. The cross section, symbol and model code are 
shown below. A section describing the performance follows as well as the op-
eration of the valve itself. Also included is a section listing the forces acting on 
the valve. However, the detailed description of the forces can be found in other 
parts of this manual. The operation of the valve when used in a lift/lower circuit 
can be found in the applications chapter.  In addition, the cross section of the 
cavity needed for the ZL70-33 and the ZL70-36 is shown on the following page.

3
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1

2

1 3

Nut

ZL70-30

Tube Subassembly

Cage

Metering Spool

Metering Spool Spring

Push Pin

Simplified
Symbol:

Plunger

Metering Spool Guide

Pressure Sense Tube

Damping/Spring Guide

Compensating Spool Spring

Compensating Spool

ZL70-33 X X - 0 - X - 00

Base Model

Option: Manual override: M
Manual override with guard: G

No Manual Override: blank

Voltage/Termination:
Cartridge Only: 00

 Code: N Buna: N
Fluorocarbon: V

Body type: Cartridge Only: 0

Flow Range: 20 lpm / 5.3 gpm: A
10 lpm / 2.6 gpm: B
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 Cavity for ZL70-33

Shown below is a comparison of the cavity that must be used for the ZL70-33 
and the ZL70-36. The diagram on the left is the standard HydraForce 10-size 
3-way cavity. The diagram on the right is a long version of the 10-size 3-way 
cavity. The ZL70-33 and ZL70-36 must use this long cavity because they do not 
fi t into the standard cavity. Further, the other types of PV and ZL valves must 
use the standard cavity as they will not function properly in the long cavity.

Standard 10-size 3-way Cavity

0.860

1.500

1.875

Long 10-size 3-way Cavity

0.860

1.775

2.175

VC10-3 VC10-L3
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 Performance of ZL70-33

This section discusses the performance characteristics that describe the 
operating limits of the ZL70-33. These are the fl ow vs. current characteristic 
and the pressure compensation characteristic. The fl ow vs. current characteristic 
as well as the hydraulic schematic that represent the circuit in which the valve 
was tested are shown below.
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Unlike the ZL70-30, there is a suffi cient difference in the maximum regulated 
fl ow depending on whether port 1 or port 3 is used as an inlet, therefore two 
graphs are required. The hysteresis in both graphs is less than 6%. The thresh-
old current is 20% or 0.28 amp for a 12V coil. The saturation current for both 
is 100% of the maximum operating current or 1400 mAmp for a 12V coil. The 
maximum regulated fl ow when the inlet is at port 1 is 5.3 gpm. When the inlet 
is port 3 the maximum regulated fl ow is limited to 5.1 gpm. See the graph on 
the previous page.

The graph below shows the compensation characteristic of the ZL70-33. 
Three line types are used to represents a different characteristic depending on 
the direction of fl ow. The curve on the left which joins all the compensation 
curves represents the compensation value of the valve. That is, the compensat-
ing spool begins to regulate at 75psi. The solid line represents the fl ow of oil 
from port 1 to port 3. The load pressure at port 3 was varied from a minimum 
setting of the relief valve to 3500 psi while the pressure and fl ow at port 3 
were recorded on the graph. These lines show that regardless of the change 
in pressure, the ZL70-33 maintains a constant fl ow.

The dashed line represents the performance of the valve when oil fl ows from 
port 3 to 2. The next line to review is the one which starts at approximately 
250 psi and runs almost parallel to the vertical axis. This line represents the 
minimum pressure required at port 3 to open the fl ow path at port 2 between the 
compensating spool and cage. The dashed lines which project horizontally from 
this one represent how the valve compensates for changes in load pressure with 
oil fl owing from port 3 to 2.
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 Forces Acting on ZL70-33

Detailed below are the forces acting on the ZL70-33 which are the same 
forces acting on the ZL70-30. These include the  magnetic force,  spring force 
and  pressure forces. A detailed description of all these forces can be found in 
the previous sections of this manual.

As with the PV70-30 there is a pressure sense tube in the metering spool to 
balance the forces acting on this spool, regardless of the direction of fl ow. 
If the tube was not present, the fl ow vs. current characteristic would differ 
between the two fl ow paths.  
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Where:

FM = Magnetic force

FS1 = Metering spool spring force

FP1 = Compensator spool inlet port 
pressure force

FP2 = Compensator spool work port 
pressure force

FF  = Flow force 

FS2 = Compensator spring force
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 Operation of ZL70-33

The following section details the operation of 
the ZL70-33. This includes what occurs as oil 
fl ows from port 1 through port 3 as well as the 
operation when port 3 acts as the inlet. In the 
fi rst diagram at left, pump fl ow has been turned 
on but the ZL70-33 coil has not been energized.  
Notice that the cross holes of the metering spool 
guide remain blocked and the oil fl ows from 
port 1 to port 2. In this mode the valve is 
bypassing the pump fl ow.

In the diagram to the left, the coil has been 
energized and the metering spool has unblocked 
the cross holes of the guide. The compensator 
has also moved to allow oil to fl ow out of port 3. 
Notice that some of the oil is still fl owing out of 
port 2 as well. In this mode the valve is acting as 
a priority/bypass valve.
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The diagram below shows the operation of the ZL70-33 with the inlet at port 1.  
IMAX has  been applied to the coil. This causes the metering spool to shift fully.  
The compensator has returned to the neutral position. This occurs because the 
inlet fl ow is less than or equal to the desired fl ow. The desired fl ow in this case 
is the fl ow at IMAX or approximately 5.3 gpm. (This can be found on the fl ow vs. 
current characteristic graph given in the previous section.)
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The following two drawings will be used to describe the operation of the 
ZL70-33 when oil is fl owing from port 3 to port 2. No oil can fl ow from port 1 
because there is a valve external to the ZL70-33 blocking the fl ow of oil. This 
will be explained further in the next chapter. In both drawings, current has been 
applied to the coil. The metering spool has moved to allow oil to fl ow through 
the center of the compensating spool. The difference between the pictures is the 
position of the compensating spool. In the picture to the left, the compensating 
spool is blocking the fl ow of oil. This shows that the differential pressure across 
the compensating spool has not exceeded 250 psi. 250 psi is the minimum pres-
sure differential required for the ZL70-33 to regulate the fl ow of oil from port 
3 to 2. This is shown on the pressure compensation characteristic curve. This 
was also depicted in the compensation characteristic shown in the performance 
of ZL70-33 section when the inlet is at port 3. In the drawing to the right, oil is 
fl owing out of port 2. This occurs because the differential pressure across the 
compensator is greater than 250 psi.
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 ZL70-36

The cross section, schematic and model code of the ZL70-36 are shown below.  
This valve is a normally closed, bidirectional, internally compensated propor-
tional fl ow control. Like the ZL70-33, this valve was specifi cally designed to 
control the movement of a single acting cylinder. The performance, forces and 
operation will be described in the following sections.
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Nut

ZL70-36

Tube Subassembly

Cage

Metering Spool

Metering Spool Spring

Push Pin
Simplified
Symbol:

Plunger

Metering Spool Guide

Pressure Sense Tube

Damping/Spring Guide

Compensating Spool Spring

Compensating Spool

ZL70-36 X X - 0 - X - 00

Base Model

Option: Manual override: M
Manual override with guard: G

No Manual Override: blank

Voltage/Termination:
Cartridge Only: 00

 Code: N Buna: N
Fluorocarbon: V

Body type: Cartridge Only: 0

Flow Range: 23 lpm / 6.1 gpm: A
10 lpm / 2.6 gpm: B
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 Performance of ZL70-36

Two graphs are shown in this section to depict the performance of the ZL70-36.  
The fi rst graph shows the fl ow vs. current characteristic and the  second shows 
the compensation characteristic. The schematic representing the hydraulic test 
can be found in the performance section of the ZL70-33. In both of the fl ow vs. 
current curves below, the hysteresis is less than 6%. The threshold current is 
20% of IMAX and the saturation when oil fl ows from port 1 to 3 or port 3 to 2 is 
95% of IMAX and 100% of IMAX respectively. The maximum fl ow range is 0 to 
5.5 gpm for the 1 to 3 direction but only 0 to 4.7 for the 3 to 2 direction.
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The next graph represents the compensation characteristic for either oil fl owing 
from port 1 to 3 or port 3 to 2. The line running almost parallel to the fl ow axis 
on the left can be used to determine the compensation value, which is 50 psi. 
Notice that unlike the ZL70-33, oil begins to fl ow immediately with the slight-
est change in pressure. This graph was made by setting the current to a specifi ed 
level. Then the fl ow and load pressure were recorded while the inlet pressure 
was varied.
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 Forces Acting on ZL70-36

A cross section of the ZL70-36 with the forces labeled on the various 
components is shown below. These forces are the same as the ones listed 
on other proportional fl ow controls.

Where:

FM = Magnetic force

FS1 = Metering spool spring force

FP1 = Compensator spool inlet port 
pressure force

FP2 = Compensator spool work port 
pressure force

FF  = Flow force 

FS2 = Compensator spring force
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The fl ow force acting on the compensating spool when the oil fl ows from port 3 
to 2 affects the performance more than when the oil fl ows from port 1 to 3. 
In fact, the fl ow force has more infl uence on the compensating spool in the 
ZL70-36 than the ZL70-33. This is because the compensating spool spring 
force in the ZL70-36 is less than that of the ZL70-33. The following graphs 
show how the fl ow force differs depending on the direction of fl ow and how it 
affects performance.

The fi rst graph shows how the spring force changes to match the pressure force.  
The various points labeled on the graph represent the position of the compen-
sating spool in relation to the fl ow achieved when the current is varied. These 
points are also shown on the fl ow vs. current graph in the middle. Notice that 
point 1 on the force graph represents the highest spring force, but it also 
represents the lowest fl ow. This is because the metering spool is closed so the 
pressure at port 2 pushes up on the compensating spool and compresses the 
compensating spring. A pictorial view of the compensating spool in this position 
can be found in the fi rst operational diagram of the following section. As the 
metering spool moves to uncover more of the metering spool guide cross holes, 
the compensating spool moves accordingly. A constant differential pressure is 
then maintained across the metering spool. As the compensating spool moves, 
the spring force decreases. This is shown in the decreasing slope of the line on 
the graphs.  Notice the fl ow force is not shown on this graph. This is because 
the two different fl ow forces cancel each other out when the oil fl ows from 
port 1 to port 3.

Flow port 1 to 3

F
or

ce

Compensating Spool Position
1

FS

432

FP

Compensating Spool Position

Flow port 3 to 2

F
or

ce

FS
FP

1 4a3a2
Flow
Force

Increases

F
lo

w

Current1

2

4a

4

3a

3

Where:   
FS = spring force  
FP = pressure force  
FF = fl ow force

The second force vs. spool position graph shows the changes in force as oil 
fl ows from port 3 to port 2. In this graph the fl ow force is shown. This is 
because the fl ow forces do not completely cancel. The beginning portion of 
this graph is similar to the previous. The difference is in the second half. As 
more fl ow passes through the valve, the fl ow force increases. Eventually, the 
fl ow force is so great that the fl ow cannot increase further. This is because the 
compensating spool is beginning to wash shut. 
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Metering
Spool Moved

Metering
Spool Guide
Cross-Holes
Uncovered

Compensating
Spool Metering
here at port 3

 Operation of ZL70-36

The following section describes the 
operation of the ZL70-36. The fi rst two 
drawings show the operation when oil is 
fl owing from port 1 to port 3. As with all 
the normally closed proportional valves, 
the fl ow of oil is blocked between the inlet 
and outlet until the threshold current is 
applied. The  diagram to the left shows the 
condition where no power has been applied 
to the coil. Like the ZL70-33, all the oil is 
bypassed to tank.

The next drawing shows the metering 
spool has moved from the neutral position 
because current has been applied to the coil. 
The oil is now fl owing to both the work port 
and bypass port. The compensating spool is 
metering the fl ow at port 3.

Oil

Blocked here
Flow is

Compensation

by pressure at
ports 1 and 2

Spool pushed up



Chapter 10: Bidirectional Flow Controls

Page 186  Electro-Hydraulic Proportional Valves Manual

The next three diagrams show the operation of the ZL70-36 when oil is fl owing 
from port 3 to port 2. The fi rst diagram below shows that the metering spool is 
in the neutral position. The compensating spool has moved to completely cover 
the cage cross holes. This occurred because there is no pressure at port 2 to 
balance the pressure at port 3. Again, no oil is fl owing because no power has 
been applied to the coil.

Oil

External
Check Valve

Compensating
Spool Blocking

Holes

Metering Spool
in Neutral
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Oil

Compensating

Position
Spool in Neutral

Oil

Cross Holes
uncovered

here

Compensating
Spool Metering

Flow here
at port 2

The diagram at left shows that the metering 
spool has moved and the cross-holes of the 
metering spool guide have been uncovered. 
Oil is now fl owing from port 3 to port 2. The 
compensating spool is metering the fl ow of oil 
at port 2.

This last diagram shows that the oil is still 
fl owing from port 3 to port 2. The difference 
between this picture and the one above is that 
the compensating spool is no longer meter-
ing fl ow at port 2. This is because the pressure 
difference between port 3 and port 2 does not 
exceed the pressure compensating spring force.  
However, unlike the ZL70-33, oil continues to 
fl ow. This is because the compensating spool is 
free to fl oat in the ZL70-36. The compensating 
spool in the ZL70-33 is held in place by the 
compensating spring.
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Summary

In this chapter the following concepts were presented:

• The patent covering the invention of the bidirectional fl ow control.

• The performance and operation of the restrictive style, 
bidirectional ZL70-30.

• How the pressure sense tube improves the performance 
of the ZL70-30

• Why the fl ow force affects the maximum fl ow through the   
  ZL70-36 more than the ZL70-30.

• The various compensating values for the ZL70 type valves.

• The operation of the ZL70-33 and the ZL70-36 and how the 
valves change from priority/bypass type to a restrictive type 
valve depending on the direction of fl ow.
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Review Questions

Use the following review questions as a measure of your understanding of the chapter material.  
Answers are provided in the appendix.

1. What is the basic premise of the patents covering the bidirectional      
 fl ow control?

2. Why is the pressure sense tube used in the ZL70-30?

3. What are the differences in the forces acting on the compensating      
 spool of the ZL70-30 when the fl ow changes direction?

4. What is the compensating pressure of the ZL70-30? 

5. True or False. The ZL70-30 is a restrictive type fl ow control.

6. What is the minimum pressure required at port 3 of the ZL70-33 
 to move the compensating spool so that oil can fl ow?

7. What is the compensating value of the ZL70-33 when oil fl ows 
 from port 1 to 3?

8. What is the compensating value of the ZL70-36 when oil fl ows 
 from port 1 to 3 or from port 3 to 2?

9. What are some of the main differences between the performance 
 of the ZL70-33 and the ZL70-36?

10. True or False. The ZL70-36 can either be a restrictive type 
 fl ow control or a priority bypass type fl ow control, 
 depending on the direction of fl ow. 
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Notes:
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Chapter 11: Poppet Style Flow Controls

Objectives

• Learn about the poppet style proportional fl ow controls.

• Learn about the dual fl ow gain vs. current characteristic.

• Discover the similarities in the construction of a poppet 
fl ow control compared to a solenoid valve.

• Develop an understanding of how the poppet fl ow controls operate.

Introduction

The pilot operated poppet style, proportional fl ow controls are introduced 
in this chapter. The methods used in the manufacturing of the components 
as well as the assembly are presented. As with other valves presented in this 
manual, the performance, operation and forces are presented.

HydraForce and the HydraForce logo are registered trademarks of HydraForce, Inc. 
The entire content of this manual is copyright 2008 HydraForce, Inc. All rights reserved.
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 SP08-20

The SP08-20 is a pilot operated poppet style, proportional fl ow control valve. 
Because it is a poppet style, the leakage characteristic is low. Therefore, the 
valve is suitable for load holding applications. The coils used to operate this 
valve are the same as those used on the SV products. This includes the E series 
coils. A further discussion regarding the operation of the coils mated to the SP 
valves is provided in the operation of coils chapter.

A cross section of the valve, model code scheme and schematic of the SP08-20 
are shown below. In the sections that follow, the construction and manufactur-
ing methods of the components are presented, as well as the forces acting on the 
components, performance and operation of the valve.

• Plug (Pole Piece)
Tube Subassembly

• Adaptor
• Guide Tube

Spring

Plunger (Armature)

Pilot Pin

Poppet

Cage

SP08-20 X X-0-X-00

SP08-20

Base Model

Flow Range

Manual Override: A

5 gpm: B
10 gpm: A

Option M with Guard: G
Body Type: Cartridge Only: 0

Seal Code: Buna N: N
Fluorocarbon: V

Voltage/Termination:
Cartridge Only: 00

2

1
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Plug
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Adaptor

Brazing
here

Ground
Surfaces

Antiresidual Washer
Proportional Edge

Small
Clearance

 Construction of SP08-20

In general, it can be said that the construction of the SP08-20 is exactly like the 
SV08-20. Notice on the previous page that the valve is constructed of the same 
components as the SV08-20. The only component that is found in the SP that is 
not in the SV is the  anti-residual washer. This keeps the plunger from magneti-
cally latching to the pole piece. The valve is made up of a cage, poppet, pilot 
pin, tube subassembly and spring. However, this is where the similarities end. 
The tube subassembly, like the SV is made from three components and these are 
then brazed. The difference here is in the  proportional edge on the pole piece 
face. This edge is necessary to provide the direct correlation between current 
and fl ow. Notice that unlike the other proportional fl ow control valves, this is 
a pull style actuator. The armature looks similar to the one in the SV, yet the 
clearance between the tube and plunger has been decreased to reduce hysteresis 
and improve stability. For this reason, the processing of the plunger includes a 
polishing operation as does the bore of the guide tube. Also, a special grinding 
process for the cage has been developed internally at HydraForce as well as one 
for the poppet. These parts are ground to assure low leakage and low hysteresis.  
Further, the parts are hardened to provide surfaces that are resistant to wear and 
contamination.
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 Performance of SP08-20

This section describes the graphs used to illustrate the performance of the 
SP08-20. This includes the fl ow vs. current characteristic, the pressure drop vs. 
fl ow characteristic as well as a frequency response graph. The fi rst graph below 
shows the fl ow vs. current performance. Notice that the curves below have a 
knee, or the slope changes at approximately 85% of IMAX. This dual slope 
characteristic will be explained in the operation section.
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FLOW vs. CURRENT at Various Differential Pressures

PERCENT of MAX. CONTROL CURRENT

AMP (10 Volt Coil) 100 Hz Dither

10 20 30 40 50 60 70 80 90 100

0.12 0.23 0.35 0.46 0.58 0.69 0.81 0.92 1.04 1.15

207 bar
3000 psi

104 bar
1500 psi

35 bar
500 psi

17 bar
250 psi

Nominal Flow Rating

The graph above shows the operating range as well as the hysteresis. The 
operating range was determined at a differential pressure of 500psi across the 
SP08-20. This implies a maximum fl ow of 5.7 gpm. The hysteresis shown on 
the graph varies depending of the current level. If the current is below 85% of 
IMAX, the hysteresis is less than 5%. If the current is greater than 85% of IMAX, 
the hysteresis is less than 7%. The four curves on this graph represent vari-
ous differential pressures across the SP08-20. The graph at 250 psi represents 
a graph that may describe the performance achieved with a compensator. The 
graphs at the higher differential pressure demonstrate the ability of the valve to 
be used in a system where there is no compensator. That is, the valve is able to 
meter fl ow regardless of the change in pressure.  
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 Reproducibility of SP08-20

The following graph relates to the previous. The graph below shows the 
manufacturing limits for the fl ow vs. current characteristic at an inlet of 
500 psi. Essentially, this graph shows the fl ow vs. current characteristic may 
vary as much as +10% from the nominal curve given on the previous graph. 
This valve to valve tolerance band can be expected on any of the SP products.
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The following graphs describe the pressure drop across the valve when the 
current is set at various levels. The fi rst graph shows the pressure when the 
current is set to 50% and 75% of IMAX as well as when the current is at IMAX. 
The second graph is an enlarged view of the fi rst. It shows only the pressure 
when the current is set to IMAX and 120% of IMAX. This curve demonstrates 
that in low duty cycle applications, a lower pressure drop may be possible if 
the current can be increased above IMAX.
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The last graph is the  Bode plot or  frequency response characteristic. The 
bandwidth or operating range is measured by either picking the frequency 
where the magnitude exceeds a 3dB change or where the output lags the 
input by 90°.  The points on the graph below show that the bandwidth is 
either 10 Hz at a 3dB change or 18 Hz at a 90o phase lag.

The test was done with the current set at the midpoint of the range and it was 
varied sinusoidally. The output measured was the pressure drop across a fi xed 
orifi ce. The circuit is shown below. The frequency response bandwidth is greater 
than 5Hz for the SP product range.
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 Forces Acting on SP08-20

There are three main forces acting on the compo-
nents. These are the  spring force,  magnetic force and 
 pressure force acting on the pilot pin.  See the draw-
ing to the left for the relative direction the forces act. 
The description of the spring force can be found in 
various other chapters.The pressure force acting on 
the pilot pin is summarized in the drawings below.  
The pressure is applied equally to all surfaces of 
the pilot pin, except for the area where the pilot 
pin seats. Since the pilot pin seals off this area, the 
pressure cannot be applied to this part of the pilot 
pin. Therefore, there is a force pushing on the pilot 
pin seat. (This force is further clarifi ed in the Hydra-
Force Solenoid Manual).

Fm = Magnetic Force

FS = Spring Force

FP = Pressure Force

Pressure

Pressure

FP = Pressure Force = Pressure x Area of Pilot Pin Seat

Pressure

Area of Pilot Pin Seat

Pressure
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The last force shown on the cross section is the magnetic force. The force vs. 
stroke characteristic for the armature is fl at or horizontal. This is the characteris-
tic for a linear solenoid actuator and can be seen on the graph below.

The three forces are summarized on the graph below. The magnetic force is 
represented by four lines on the plus side of the graph. Four lines are shown to 
indicate that the magnetic force is a function of the current applied. The line 
closest to the x-axis is the magnetic force developed when the threshold current 
is applied. The line furthest from the x-axis represents the magnetic force when 
the maximum current is applied. The pressure force and spring force are shown 
on the negative side of the graph. The fact that one force is positive and the 
others are negative is a matter of convention simply to show the forces act 
opposite to each other.

The graph above illustrates that the forces are balanced throughout the stroke 
of the armature. Also, the pictures of the spring, pilot pin and plunger show the 
forces being applied to the individual components. For example, at point A, 
the magnetic force developed by the threshold current is equally matched by 
the pressure and installed spring force. Notice that both the pressure and spring 
force are 0.5 while the magnetic force is 1.0. Using the force balance equation 
FM = FP + FS along with these numbers from the graph, shows that the forces 
balance or 1 = 0.5 + 0.5. If the current is increased, the valve opens. This is 
because as the current increases, the magnetic force increases proportionally. 
The magnetic force causes the armature to move, compressing the spring, and 
the forces remain balanced whether at point A, B or C or anywhere in between.
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 Operation of SP08-20

The following three diagrams depict the operation of the SP08-20 when various 
levels of current are applied. As with any proportional valve, when current is 
applied, a magnetic force is created by the solenoid. The armature or plunger is 
then attracted to the pole piece. In the case of the SP08-20, the pole piece is the 
plug of the tube subassembly. As the plunger moves toward the plug, it begins to 
compress the spring. Before this occurs however, the magnetic force must over-
come the pressure force acting on the pilot pin. The fi rst diagram below shows 
that oil is blocked from fl owing between ports 2 and 1. This picture represents 
the valve operation before the threshold current is reached.

The diagrams below show the pilot pin and poppet are no longer seated. The 
picture to the left represents the performance when approximately 50% of IMAX 
has been applied. The picture to the right represents the position of the poppet 
at IMAX applied to the coil. Notice that the poppet is further from the seat than 
the one on the left. Both of these pictures represent how the opening of the valve 
is dependent on the current applied. The position of the poppet in these pictures 
illustrates how the knee in the fl ow vs. current graph is formed. In the middle 
picture the slots in the poppet (known as the crown of the poppet) are still be-
low the edge of the seat. This crown feature provides for a small change in fl ow 
as the current changes. Once the crown is out of the seat area, the metering gain 
characteristic is dependent on a combination of the cone of the poppet and the 
crown. This is a much larger gain, hence the shape of the fl ow vs. current graph.

Oil Oil

Slot Cage Seat

50% of IMAX  IMAX

IThreshold

Oil
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Screw Counterclockwise to Override  Push Down and Turn Clockwise to Override

Override
Position

Non-Override
Position

'T'-style Override

Non-Override
Position

Override
Position

'M'-style Override

Standard Valve

No Override

The diagram above shows the two styles of standard overrides available for the 
SP08-20. These are the ‘M’ and the ‘T   ’ type overrides. The one on the right is 
a detent style. To operate this type, the user pushes down on the override and 
turns it clockwise until it hits a stop. The user can then release it and the springs 
move the plunger to the override position. In the case of the ‘T’ style override, 
shown on the left, the user simply turns the override counterclockwise. This 
turning action gradually moves the valve components into an override posi-
tion until a positive stop is achieved. The ‘M’ style gives two discrete positions 
like an on/off valve and the ‘T’ style gives infi nite positions like a proportional 
valve. It is important to note that there is no change in performance in regards to 
the fl ow vs. current characteristic for these two overrides. This is not true of the 
‘J ’ style override (not shown). To operate this override, the operator simply pulls 
on the knob. The fl ow achieved at a given current when the valve is constructed 
with this type of override is less than the standard valve, because of a decrease 
in magnetic force.

 Manual Override for SP08-20
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FM = Magnetic Force

FS = Spring Force

FP = Pressure Force
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 Tying It All Together

The diagram below is a summary of how the forces interact to infl uence the 
performance of the valve.
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The diagram to the left ties together the performance, operation and forces 
that were presented in previous sections. The graph in the middle summarizes 
the forces acting on the components. These forces are further clarifi ed by the 
small pictures of the valves above the graph. Moving right to left as the current 
increases, the magnetic force increases and the air gap decreases. This results 
in an increase in spring force. The pictures below the graph show the valve in 
operation. Again, from right to left as more current is applied, the poppet opens 
further. This relationship between fl ow and an increase in current is depicted by 
the fl ow vs. current graph to the left of the force graph. This graph was turned 
on its side to show the relation between fl ow and force. The last graph on this 
page to the far right shows the fl ow relation between pressure drop and how 
current infl uences this characteristic. Each line starting from the one closest 
to the pressure axis represents an increase in current. This graph shows as the 
current increases more fl ow passes through the valve at the same current. 
Another way of saying this is that the pressure drop through the valve 
decreases as current increases.



Chapter 11: Poppet Style Flow Controls

Page 204  Electro-Hydraulic Proportional Valves Manual

Summary

In this chapter the following concepts were presented:

• Discovered what a two way, proportional, poppet fl ow control is.

• Learned about the similarities between the SP and the SV valves.

• Understand why special manufacturing processes were developed 
for the SP valve.

• Brief descriptions of the performance curves were presented.

• A graphical and pictorial description of the forces acting on the 
components was discussed.

• The operation of the manual overrides was presented.
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Review Questions

Use the following review questions as a measure of your understanding of the chapter material.  
Answers are provided in the appendix.

1. List some similarities between the SV08-20 and the SP08-20.

2. True or False. The SP08-20 uses a push style actuator like the     
 other proportional fl ow control valves.

3. Describe the three signifi cant forces acting on the components     
 of the SP08-20.

4. When are the forces of the SP08-20 not balanced? 

5. What special processes were developed for the SP products?      
 Why was this done?

6. Why is a pressure drop curve where the current is equal to 
 120% of IMAX described in the performance section?

7. True or False. The performance of the SP08-20 remains      
 unchanged when any of the manual override selections are selected.

8. True or False. The SP08-20 uses the same coil as the EHPR08-33.
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Notes:
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Chapter 12: Proportional Directional Control

Objectives

• Learn about the spool type proportional directional control valves 
available from HydraForce.

• Discover the similarities and differences between the proportional     
directional controls and the on/off directional controls.

• Understand the construction of the proportional directional controls.

• Learn about the metering characteristics of the proportional directional      
control valves. 

• Learn about proportional directional control valves with an integral 
load sense port.

• Understand the performance of the “L” option spool valves.

Introduction

In this chapter the proportional spool type directional control valves will 
be presented. This includes both two position, four-way and three position, 
four-way valves. Also, a three position valve unique to HydraForce with a 
load sense port built-in will be described. The performance, operation and 
forces acting on the components will be presented in detail. Beside the 
typical pressure drop and fl ow vs. current graphs, a pressure compensation 
curve will be presented.  This should give a further understanding of the 
performance and operation of these valves.

HydraForce and the HydraForce logo are registered trademarks of HydraForce, Inc. 
The entire content of this manual is copyright 2008 HydraForce, Inc. All rights reserved.
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Connecting Rod

Spring

Plunger
(Armature)

Pilot Pin

Spool

Cage

Pole Piece

Tube Subassembly
Roll Pin

Pressure Balance Tube

SP08-47 D X X-0-X-00

Base Model

Body: Cartridge Only: 0

None: blank
Push/Pull Manual Override: M

Fluorocarbon: V
Seal Code: N Buna: N

Voltage/Termination:
Cartridge Only: 00

Spool Type: Motor Spool

Standard Flow: blank
Low Filter: L

Push/Pull Manual Override w/Knob: B

SP08-47D

 SP08-47D

The SV08-47D is a 3-position, 4-way proportional directional valve. Like the SV08 
and SV10-47, this valve uses two coils acting independently of each other to actuate 
the valve to the secondary positions. The construction is similar to that of on/off style 
valves. However, they differ signifi cantly in the shape of the armature and pole piece 
face. Two types of spool confi gurations are offered in the SPXX-47 series of products, 
the C spool (all ports blocked) and the D spool (motor spool, work parts connected to 
tank and inlet blocked). Within the 08 size product there is also an L version (low fl ow) 
of each type. The L version has a lower maximum control fl ow and it also has a lesser 
amount of droop in the fl ow vs. pressure compensator characteristic as compared to the 
standard version. This will be explained further in the performance section.

Shown below is the cross section, model code and symbol. In the following sections 
the performance, forces acting on the valve and operation of this valve are discussed. 
Also included in this section is a brief description of the SP10-57 and 58 series.



Chapter 12: Proportional Directional Controls

 Electro-Hydraulic Proportional Valves Manual  Page 209

2 4

S1S2
13

24

S1 S2

1 35

24

S1 S2

1 35

24

S1 S2

1 35

24

S1 S2

1 35

2 4

S1S2
13

4 Work

2

3 Inlet

Work

Tank1

Work

Inlet

Work

Tank

Load Sense 1

5

4

3

2

Comparison of  SP10-47, SP10-57 & SP10-58

The diagram below shows the cross section of the SP10-47D and the SP10-57D. Also 
shown are the symbols that represent the various products available in this series of 
valves and includes the 58 style. While the model code denotes that this is a fi ve ported 
valve, the hydraulic function is similar to the 47 product in that there is an inlet port, tank 
port and two work ports. The fi fth port is intended to be used to feed a load sense line.

The port logic is different for the 57 and 58 compared to the 47 style symbol. Port 5 is 
the inlet port on the 57 and 58 where port 3 is the inlet port for the 47. Also, port 3 is the 
tank port for the 57 and 58 while port 1 is tank in the 47. Because of these differences, 
the manifold designer cannot simply stretch the block to add the load sense functionality.  
Instead, if the design of a block that originally used a 47 style valve is migrated to one 
that uses a 57 style, the manifold design will need to change signifi cantly.

Notice that neither the ‘A’ spool (tandem center) or ‘B’ spool (all ports connected in 
neutral) are shown. The reason is that these types of fl ow paths would cause a possible 
unsafe condition. Development of these spools showed that during transition, the tank 
port would be connected to one of the work ports prior to the opposite work port being 
connected to pressure. This could result in an expected movement of the actuator which 
could result in a load dropping when an operator would not expect it.
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 Performance of SP08-47D

In the following section, the graphs that describe the performance of the SP08-47D 
and the SP08-47DL are presented. The performance of the standard and low fl ow 
spool are included in this section. These performance characteristics include pressure 
drop, fl ow vs current and the pressure compensation characteristic. The two graphs 
below represent the pressure drop of the SP08-47D and SP08-47DL.

5.5/80

1.9
0.5

0

P
re

ss
ur

e 
D

ro
p 

 (
ba

r/
ps

i)

0

0.7/10

1.4/20

2.1/30

2.8/40

3.4/50

4.1/60

4.8/70

11.4
3.0

9.5
2.5

7.6
2.0

5.7
1.5

3.8
1.0

Flow  (lpm/gpm)

Pressure Drop vs. Flow for SP08-47D

Port 4 to Port 1

Port 2 to Port 1

5.5/80

1.9
0.5

0

P
re

ss
ur

e 
D

ro
p 

 (
ba

r/
ps

i)

0

0.7/10

1.4/20

2.1/30

2.8/40

3.4/50

4.1/60

4.8/70

7.6
2.0

5.7
1.5

3.8
1.0

Flow  (lpm/gpm)

Pressure Drop vs. Flow for SP08-47DL

Port 4 to Port 1

Port 2 to Port 1



Chapter 12: Proportional Directional Controls

 Electro-Hydraulic Proportional Valves Manual  Page 211

The pressure drop shown in the previous two graphs was recorded with IMAX ap-
plied to the coil. Notice that the pressure drop from port 2 to 1 is lower than that 
of 4 to 1. If this valve or the C spool valves are connected to a double-acting 
cylinder, the blind side should be connected to port 2 to give the lowest overall 
effect on system pressure. The curves show that the pressure drop through the 
standard spool is the same as the low fl ow spool at the rated fl ow for each spool 
type. That is the control orifi ce of the L spool is smaller at IMAX as compared to 
the standard. Thus at equal pressure drop, the fl ow will differ.  

The next graph used to describe the operating characteristic of these valves is 
the fl ow vs. current characteristic. The maximum fl ow is based on an inlet 
pressure at 500 psi. For the standard spool type the fl ow range is 0 to 3.0 gpm 
and the fl ow through the L type at this same pressure is 0 to 2.0 gpm. The graph 
also shows that hysteresis is less than 7% for both spool styles.

Notice that the bottom coil or S2 curve is steeper than the top coil curve.  This 
will be explained in the operation section.
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The last two graphs show the change in regulated fl ow as the pressure 
differential across the valve varies. The fi rst graph shown below is the 
pressure compensation curve of the SP08-47D. The graph shows that as 
the pressure drop across the inlet, through the work ports increases, the 
fl ow decreases. (Note: Each curve represents a different current level which 
is held fi xed throughout the test.) This change in fl ow or droop for the 
standard spool (SP08-47D) is 35%.  The change in fl ow for the SP08-47DL 
is only 18% which can be seen on the next page.
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Top Coil Energized Bottom Coil Energized

FM = Magnetic Force

FS = Spring Force

FF = Flow Force = 0

FM = Magnetic Force

FS = Spring Force

FF = Flow Force = 0

Forces Acting on  SP08-47D

The diagram below shows the valve with an indication of the dominant forces.  
Below this is a graph showing the magnetic force, fl ow force and spring force, 
similar to that of the SP08-41.
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Operation of  SP08-47D

Shown below are several pictures of the SP08-47D when the bottom or S2 coil 
is energized. The description of the operation when the top coil is energized is 
the same except port 4 is the work port and port 2 is connected to the tank. The 
fi rst picture, below left, shows the valve in the neutral state. The work ports are 
connected to the tank and inlet is blocked. Going from left to right, the next pic-
ture shows the position of the spool when the threshold current is applied to the 
coil. Notice that oil from port 4 is blocked while oil can fl ow from port 3 to 2. 
This type of spool confi guration is considered a meter in type spool. Finally, the 
expanded views to the right show the spool when 50% of the maximum current 
is applied and when IMAX is applied.
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Notice in the graphs on the previous page, that the magnetic force in the bottom 
reaches a higher value than the top coil. The magnetic fl ux is stronger for the 
bottom coil because the adaptor is able to concentrate the fl ux better than the 
coil nut. This is why the fl ow vs. current for one coil versus the other differs. 
The spring force for either the S1 or S2 direction is the same but the magnetic 
force is different. Since the magnetic force of the bottom coil is greater, it is 
able to overcome the spring force at a lower level. That is why the S2 or bottom 
coil curve is steeper.

Oil Oil Oil

Maximum
Current

Threshold
Current

No Current
Applied
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Summary

In this chapter the following concepts were presented:

• The difference between the port logic of the SP10-47s, 57s and  58s.

• How the fl ow force affects the pressure compensation characteristic 
of the proportional spool valves.

• The difference in performance between the SP08-47D and SP08-47DL.

• The defi nition of meter-in and meter-out spools.

• Why the fl ow vs. current characteristic curve differs between the S1 
and S2 coil.
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Review Questions

Use the following review questions as a measure of your understanding of the chapter material.  
Answers are provided in the appendix.

1. Why is there a difference between the Flow vs. Current       
 characteristics of the S1 coils as compared to the S2 coil?

2. True or False. The tank port for the SP10-47D, SP10-57D       
 and SP10-58D is port 1.

3. True or False. The maximum fl ow that is controlled by the       
 SP08-47D is the same as the SP08-47DL.
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Chapter 13: 
Application of Proportional Flow Control

Objectives

The objectives for this chapter are as follows:

• Review the benefi ts of compensation.

• Learn about the cost to add compensation to a hydraulic circuit.

• Learn about internal vs. external compensation.

• Understand how proportional fl ow control valves regulate 
 the movement of cylinders in a fork lift.

• Learn about the use of a proportional fl ow control 
 to regulate the speed of hydraulic motors.

• Learn about the use of the SP12-20 in a lift/lower circuit.

• Understand how the SP08-47 can improve the performance 
 of the hydraulic system.

Introduction

Several applications using proportional fl ow controls will be introduced in 
this chapter. The costs and benefi ts of compensation are given fi rst, and the 
various compensating values of the HydraForce fl ow controls are tabulated.  
Following this is the proportional control of cylinders in a forklift, the 
control of a motor in a salt spreader and motors driving a track vehicle.   

HydraForce and the HydraForce logo are registered trademarks of HydraForce, Inc. 
The entire content of this manual is copyright 2008 HydraForce, Inc. All rights reserved.
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compensation values
typically range from

30 to 300 psi

pressure

flo
w

   Pressure Compensation

Benefi ts and Costs

A spool and spring which make up the compensation function of a fl ow control 
were presented in the previous chapters.  The compensation function assures the 
desired fl ow is maintained regardless of the changes in load pressure.  Also, the 
performance and operation of a fi xed orifi ce and pressure compensated orifi ce 
were discussed in Chapter 7.  The fl ow of the fi xed orifi ce varies when the 
pressure required to move the load changes.  In other words, as the pressure 
drop changes, [recall Q = 31 A (DP)1/2] the fl ow changes.  With the compensa-
tor, the spool moves in response to the pressure and spring in order to maintain 
a constant fl ow.  The graph below summarizes the benefi t of the pressure 
compensated fl ow control.   Assume the hole in both the fi xed orifi ce and the 
compensator are of a diameter such that the regulated fl ow is the same at the 
pressure drop equal to the compensation value.  The graph shows how the fl ow 
through the fi xed orifi ce continually changes as the pressure changes while the 
fl ow through the compensator remains unchanged once the compensation value 
is reached.
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The benefi t of having consistent fl ow regardless of the load pressure, translates 
into consistent machine behavior. This means productivity improves because 
the operator is able to predict the machine motion and speed. The improvement 
comes at the cost of an additional valve that is slightly more expensive than the 
fi xed orifi ce. There is one other cost associated with a compensator which is the 
addition of pressure drop. By adding another valve or function to the system, the 
pressure drop increases. The increase in pressure drop means that the hydraulic 
system requires more energy.  This energy is measured in  horsepower (hp) or 
 kilowatts (kw). Since the pressure drop across a compensator does not perform 
any work (i.e. doesn’t move a cylinder or motor), this is considered to be a loss.  
A simple equation is used to determine how much energy is lost due to the com-
pensator regulating fl ow. This equation is: 

hp = fl ow (gpm) x pressure (psi) ÷ 1714

To convert to kilowatts, simply multiply the result by 0.75. Let’s look at an 
example of what the power would be for pressure compensation to occur when 
6 gpm fl ows through the PV70-30. This is found by multiplying 6 gpm by 
165 psi and dividing by 1714. The loss would be 0.58 hp.

This horsepower loss is the reason why the lightest compensator spring should 
be selected. This is one of the factors which the system designer can control.  
By decreasing the compensating spring value, the horsepower loss decreases 
accordingly. For example, if the spring value was 100 psi then the horsepower 
loss would be 0.35 hp (0.35 hp = 6 gpm x 100 psi ÷ 1714). The fl ow could be 
reduced as long as the actuator size can be varied accordingly. If this level of 
horsepower loss is unacceptable while the machine is idling, a 2-way solenoid 
valve can be installed between the proportional valve and the pump to dump the 
oil to tank when the hydraulic power is not required. Further, the horsepower 
loss across the compensator generates heat. The horsepower loss and the heat 
generated when a  dump valve is used is less than a system which does not have 
a dump valve. This may allow the size of the cooler to be decreased as well as 
the size of the reservoir.
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The use of the EC16-40 was not previously described. It could be used with 
the PV72-33 for various application reasons. One reason may be that the fl ow 
discharged through the bypass exceeds the rating of the EC12-40. Another 
reason may be to use a lower compensating spring value in an EC16-40 
compared to the EC12-40 and yet meet the same maximum regulated fl ow. 
The two graphs on the following page are used to describe how a lighter spring 
in the EC16-40 can meet the same fl ow as an EC12-40 with a higher compensa-
tor spring value. These graphs show the value of the regulated fl ow for a given 
orifi ce size for either the EC12-40 or the EC16-40. Notice that the graph for the 
EC12-40 represents the performance when the compensation value is 100 psi 
while the compensation value for the EC16-40 is 80 psi. The reason that this 
occurs is because the fl ow force acting on the 16 size compensator is lower than 
that of the 12 size EC. Since the fl ow force is greater, some of the force from the 
100 psi bias spring is needed to keep the spool from washing shut.

 Compensation Values

The pressure compensation values at which the spring force balances the 
pressure drop force across the compensating spool are tabulated below.  
The fi rst table is for the external compensators used with the PV70/72-33/35.

EC10-30
(priority style)

40 psi (2.8 bar)
80 psi (5.5 bar)
160 psi (11.0 bar)

EC16-32
(restrictive style)

80 psi (5.5 bar)
160 psi (11.0 bar)

EC12-30
(restrictive style)

100 psi (6.9 bar)
160 psi (11.0 bar)

EC12-34
(restrictive style)

100 psi (6.9 bar)
160 psi (11.0 bar)

EC10-40
(priority/bypass style)

40 psi (2.8 bar)
80 psi (5.5 bar)
160 psi (11.0 bar)

EC16-32
(restrictive style)

250 psi (13.8 bar)

EC12-40
(priority/bypass style)

60 psi (4.1 bar)
75 psi (5.2 bar)
100 psi (6.9 bar)
160 psi (11.0 bar)

EC10-42
(priority/bypass style)

80 psi (5.5 bar)
150 psi (10.3 bar)

EC16-40
(priority/bypass style)

40 psi (2.8 bar)
80 psi (5.5 bar)
160 psi (11.0 bar)

EC16-42
(priority/bypass style)

80 psi (5.5 bar)
150 psi (10.3 bar)

EC10-32
(restrictive style)

80 psi (5.5 bar)
150 psi (10.3 bar)

EC12-42
(priority/bypass style)

80 psi (5.5 bar)
160 psi (11.0 bar)

EC12-32
(restrictive style)

80 psi (5.5 bar)
160 psi (11.0 bar)

EC42-M42
(priority/bypass style)

80 psi (5.5 bar)
150 psi (10.3 bar)
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The table below summarizes the  compensating values of the internally 
compensated proportional fl ow controls. The values listed can be used to 
determine the energy loss of the hydraulic system by using the equation 
previously given in this section.

PV08-30 125 psi 8.6 bar

PV08-31 125 psi 8.6 bar

PV70-30 125 psi 8.6 bar

PV70-31 125 psi 8.6 bar

ZL70-30 190 psi 13.1 bar

ZL70-31 190 psi 13.1 bar

ZL70-33 75 psi 5.2 bar

ZL70-36 50 psi 3.5 bar

PV72-20 245 psi 16.9 bar

PV72-21 245 psi 16.9 bar

PV72-30 165 psi 11.4 bar

PV72-31 165 psi 11.4 bar

ZL72-30 230 psi 15.9 bar

ZL72-31 230 psi 15.9 bar

ZL72-33 150 psi 10.3 bar

ZL72-36 145 psi 10.0 bar

ZL76-30 205 psi 14.1 bar

PV76-31 205 psi 14.1 bar

ZL76-30 285 psi 19.7 bar

ZL76-33 100 psi 6.9 bar

ZL76-36 145 psi 10 bar
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 Internal vs. External

Shown in previous chapters are the internally and externally compensated fl ow 
control valves. There are inherent benefi ts to using each. The obvious reason for 
the internal version is that only one cavity is required to provide this function.  
This minimizes the space in the manifold as well as eliminates the cross drill-
ing between the two cavities. This reduction in machining and manifold space 
translates into cost savings.

There are several reasons why externally compensated fl ow controls may be 
selected over internally compensated ones. One is that there are several bias 
spring values or pressure compensation values to choose from. This allows 
for tuning the system to give the desired maximum fl ow rate while using the 
complete resolution of the proportional valve. As an example, compare the two 
graphs below for the PFR72-33 (externally compensated) and the PV72-30 
(internally compensated). The maximum control fl ow of the PV72-30 is 
15 gpm. Assume that the desired maximum control fl ow of a given application 
is only 12 gpm. The operator would only be able to use 85% of the maximum 
control current. Since the threshold is at 20% of the maximum control current, 
the range of control current which results in a change in fl ow, is only 65% of 
IMAX.  In contrast, instead of reducing the resolution, the compensation value of 
the PFR72-33 could be 100 psi and still reach the desired maximum fl ow with 
93% of IMAX. A further benefi t is that the horsepower loss is reduced by going 
from a 165psi compensation value in the PV72-30 to the 100 psi spring in the 
PFR72-33.

One other benefi t to using the externally compensated fl ow control is the 
ability to modify the product where instability in the system exists. Since the 
construction of the externally compensated valves is relatively simple, it is easy 
to modify. This includes additional metering holes, modifi cations of spring rates 
or the addition of orifi ces in the sense line. While HydraForce has applied the 
standard product to hundreds of applications, there have been some where the 
product needed to be modifi ed to improve overall system performance.
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 PV and ZL Valves used in Fork Lifts

In this section, two different examples of proportional 
control of a fork lift mast will be shown. The fi rst 
involves the use of two internally compensated PVs 
and the second involves the use of a ZL70-36. Both 
have practical applications in industry and several 
other solutions or circuits can be designed for this 
application.

Side Shift
Cylinder

Lift Cylinder Mast

SV08-47C

Tilt Cylinder CB

SV08-47C

RV10-22FR08-20

PV72-30

RV10-22

PV72-21

PV72-20

SV12-20

To Steering

Priority

CV12-20
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to tank

to CV12-20

PV72-21

PV72-30

The circuit on the previous page proportionally controls the fork lift mast, 
the tilting of the fork lift mast and shifting the forks from side to side. 
A fourth function which can extend the forks from the frame, known as 
the reach function, is not included.  

The circuit operates as follows: while the vehicle is operational, but none of the 
functions are selected, oil fl ows from the pump through the bypass port of the 
PV72-30, continuing through the PV72-21 until returning to tank. This is seen 
in the diagram below.

Low Pressure
High Pressure

Flow To Side Shift

Flow From Side Shift

Flow to Lift
Cylinder

PV72-21 Energized

Transition Position

PV72-30 Energized

SV08-47C Energized

If the operator wants the forks to be raised, 
power to the PV72-21 is applied.  As more 
current is applied to the PV72-21, less fl ow 
is diverted to tank and instead, oil fl ows to 
the lift cylinder. While oil is fl owing to the 
mast cylinder, the tilt, or side shift func-
tion could be selected as well. In order for 
these functions to operate, the solenoid 
valve of the desired function is energized  
and then power to the PV72-30 can be ap-
plied. Since the cylinders controlling these 
functions are smaller than the lift cylinder, 
the change in fl ow of oil to the lift cylinder 
is negligible. That is, while the operator 
is watching the load go up, he will see 
no change in speed as he simultaneously 
selects the tilt or side shift function. When 
these functions are required to operate, the 
current may be limited to 50% of IMAX or 
less. More current than this would cause 
these functions to operate too quickly. In 
fact, the PV72-30 was not selected for the 
maximum fl ow it could regulate, rather, 
the amount of fl ow it could bypass to the 
lift portion of the circuit. The portion of 
the circuit schematic shown here (lower 
left) shows that the tilt function has been 
selected while the PV72-30 and PV72-21 
are powered.



Chapter 13: Application of Proportional Flow Controls

Page_228   Electro-Hydraulic Proportional Valves Manual

Metering Spool of the PV72-20 remains in the
same position while the position of the Compensating Spool varies

Metering
Spool

Compensating
Spool

oil

Heavy load on forks

oil

Light load on forks

oil

No load on forks

If the operator wants to lower the forks, the PV72-21 is de-energized and the 
SV12-20 is energized. Current can then be applied to the PV72-20 to vary the 
lowering speed of the forks. Since the PV72-20 is internally compensated, the 
lowering speed is not dependent on the load sitting on the forks. Flow from the 
mast cylinder will discharge at the same rate, regardless of the weight. Also, the 
compensating spool allows oil to fl ow, unrestricted, from the mast cylinder to 
tank even if there is no load on the forks. The three pictures below clarify these 
points.
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Notice that an FR08-20 is used in this circuit. This bleed orifi ce is required 
only when the PV72-30 is de-energized. It is needed to drain trapped pressure 
which would otherwise hold the compensation spool in the neutral position. The 
FR08-20 was selected instead of a simple orifi ce because the amount of oil that 
bleeds to tank will not vary when the load pressure of the tilt or side shift varies.  
While FR08-20 does cost more than a simple orifi ce, the oil draining to the tank 
will be consistently low. This will improve the energy effi ciency of the hydrau-
lic system.  The machine operation will also feel consistent to the operator. The 
change in fl ow for the simple fi xed orifi ce is compared against the consistent 
fl ow of the FR08-20 in the diagrams below.

Notice that the joystick, which controls the tilt function, is in the same posi-
tion in the fi rst two pictures to the left. This joystick controls the current ap-
plied to the PV72-30 and the power applied to the SV08-47C controlling the 
tilt function. Also notice that the amount of oil fl owing through the FR08-20 is 
the same, regardless of the size of the load. In the two pictures to the right, the 
joystick is in two different positions and the fl ow is different. There is more fl ow 
exiting the orifi ce because the load is greater. Recall that fl ow through a fi xed 
orifi ce depends on the load. The joystick is moved further so that more current 
can be applied to the PV72-30. This will allow the same amount of fl ow to be 
diverted to the tilt portion of the circuit as in the three diagrams to the left. The 
tilt cylinder can then move at the same speed as the cylinders in the other three 
pictures.

Joystick
movement

Forks Tilt

Load 100 psi 100 psi3000 psi

Flow  0.1 gpm  0.1 gpm

FR08-20

 0.1 gpm  0.55 gpm

Fixed Orifice

3000 psi
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In the next circuit, the ZL72-36 is the only proportional valve required to con-
trol the lift cylinder. It replaces the function of both the PV72-21 and PV72-20 
in the previous circuit. The SV12-20 is still required as a load holding valve.  
The operation of the ZL72-36 is similar to the operation of the PV72-21 when 
the forks are being raised. Initially, all the fl ow is diverted to tank. As current 
to the ZL72-36 is increased, more oil fl ows to the mast cylinder and less is 
diverted to tank. As the operator requires the speed of the forks to increase, 
more power is applied to the ZL72-36.

During lowering, the SV12-21 is energized to block the pump fl ow from infl u-
encing the lowering of the mast cylinder. This is only required when the other 
functions are selected, otherwise, the pump may be turned off when the forks 
are being lowered. The SV12-20 also must be energized and then the PV72-36 
can be energized. Oil then fl ows from port 3 to port 2 of the ZL72-36. While 
the forks are being lowered, either the side shift or tilt function can be selected.  
Notice in the example above, the tilt and side shift are controlled through on/off 
solenoid valves and not proportionally.

During raising or lowering of the forks, the fl ow through the ZL72-36 is con-
stant for a given current level applied to the coil, regardless of the load the fork 
lift is moving. Like the PV72-20, oil fl ows freely through the valve even when 
there is no load on the forks.

To summarize, the use of the internally compensated proportional valves allow 
for  electrohydraulic lift/lower control of a fork lift mast. Further, when the op-
erator desires a certain speed, that speed can be selected, regardless of the load 
the fork lift is moving.

TiltSide Shift

SV12-20 SV08-47

PV72-36

CV12-20

SV12-21

Priority

to Steering

SV08-47

CB

Lift

2

3
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 PV72-30 in a Salt Spreader

An application for areas of the world which see snow, is a salt or grit spreader.  
These are mounted on the back of snow plows. A picture of one is shown below, 
along with an hydraulic circuit. This circuit is made up of two proportional fl ow 
controls and two motors in series. The motors drive the spreader and auger func-
tions. The spreader disperses the salt or grit onto the roadway, while the auger, a 
corkscrew or helical shaped device, feeds the salt or grit to the spreader.

 Compensated fl ow controls (PV70-30) are used in this circuit for two reasons.  
The primary reason is to assure constant speed, regardless of the change in pres-
sure. The compensation feature internal to the valves is the mechanical feedback 
maintaining constant fl ow to the motors. There is also an electronic feedback 
loop in the form of a speed sensor to assure constant speed is maintained. This 
electronic feedback corrects for the droop in the compensation curve.

Controller modifies current
to valve between desired
speed and correction
from sensor.

Desired
Speed

Corrected
current
to Valve

Correction from Sensor

Auger

Speed Sensor

Spreader

Speed Sensor

PV72-30A
PV72-30A
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Below is a graph which shows the desired fl ow against changes in load pressure. 
Also shown on the graph is the compensation characteristic of the fl ow control. 
Three compensation curves are shown to represent how the current to the PV is 
changed to correct for the droop. The second graph shows the change in current 
compared to the load pressure. The graph shows how the set current from the 
operator remains unchanged regardless of the change in load pressure. How-
ever, the current applied to the valve increases because of the correction current 
determined by the speed sensor loop. The letters a, b and c shown on the two 
graphs are related to each other through the fl ow vs. current characteristic for 
the PV70-30. That is, in order for the desired fl ow to be maintained, the current 
must increase from point a to b and then to c as the load pressure varies. The 
change in current is actually relatively small to compensate for the droop. The 
graphs are exaggerated to illustrate this point.

The second reason why compensated fl ow controls are used, is to act as back up 
to the speed sensor. That is, while there are speed sensors to assure the actual 
speed of the spreader or auger meet the desired speeds, these sensors often fail.  
The sensors fail because of the highly corrosive salt environment. When the 
sensor fails, the operator needs the ability to set the auger and spreader speed to 
a ‘limp’ home mode. The  limp home mode means that the spreader and auger 
speed could be set to a fi xed speed that may spread less than the required salt 
or grit for the given conditions. This is better than not being able to spread any 
salt or grit. If the fl ow controls were not compensated, the speed of the auger 
may increase, causing the amount of salt sent to the spreader to increase as well. 
This increased amount of salt at the spreader would cause the system pressure 
to rise. The spreader will continue to spin as long as the load requirement does 
not exceed the system relief setting. Once the load pressure is the same as the 
system relief setting, oil begins to fl ow across the relief valve. Eventually, all the 
oil may fl ow through the relief valve causing the motors to stall.

Increasing Current

Desired Flow
Compensation Flow characteristics

F
lo

w

a
Load Pressure

cb

C
ur

re
nt

Load Pressure
a cb

Correction Current

Current applied to Valve

Set Current
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 ZL70-31 and Parallel Motors

The following application is that of two ZL70-31 valves controlling the fl ow 
through two motors in parallel. Such a circuit may be used on a slow moving 
track vehicle.

The circuit operation is based on a variable pump controlling the forward and 
reverse speed and two ZL70-31 valves controlling the steering. This type of 
steering system is known as  steer-by-wire. This term is used because there is no 
mechanical link between the operator and the steering system. The input from 
the driver is through movement of a joystick which outputs an electrical signal 
to the steering valves. The speed sensors continually monitor the motor speed.  
This information is used to assure straight line driving. When the vehicle is 
going straight (no input to the steering joysticks) the speed of the two motors 
are compared against one another. If there is a difference in speed, a correction 
factor is fed to the controller. The controller will then supply current to one of 
the ZL70-31s to restrict fl ow at the respective motor. This will reduce the speed 
of that motor which will cause the speed between the two motors to become 
equal. The use of the ZL70-31 valves allows for the system to be run in reverse 
when the fl ow from the pump is reversed, yet only one proportional valve is 
required to control the speed of each motor. When the operator requires the 
vehicle to turn, she would move either the left or right joystick for the desired 
direction.  Power is then applied to the appropriate ZL70-31 to restrict fl ow to 
the respective motor. The vehicle will turn because there is a relative difference 
between the speed of the two motors.

Electronics compare the
speed of each motor.  
An input signal is sent to 
the controllers to correct 
for a mis-match in speed.

Joystick
Valve Driver

ZL70-31

Speed Sensor

The correction mode is
disabled when a signal
from either joystick is 
sent to the controllers 
for steering.
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Lift

SP12-20

EC12-42

Inlet

SP12-20

SP10-58C

SP10-32

Side Shift

SP10-58C

EC10-32

CB

Tilt

Also, shown in the schematic above are two SP08-58Cs. The proportional direc-
tional controls replaced the on/off valves shown in the previous section. These 
valves allow for precise control of the speed of these functions. This in turn 
allows for smooth movement of the load as well as enhancing the operator’s 
ability to stop the load at a desired position. While this circuit gives improved 
control over the on/off circuit there may be an undesired interaction between the 
functions if they are used simultaneously. This is because of the pressure droop 
characteristic for these valves. Recall from the previous chapter, as the pressure 
differential increases, the fl ow decreases. The same occurs in this circuit. If the 
pressure required in the adjoining cylinder is greater then the fl ow will vary. A 
load sense shuttle along with an in-line compensator could correct this problem.  
Going a step further, the SP10-58C and 58D could be used along with the com-
pensator. In order to justify this, the cost of the cavity for the LS04-30 is saved.  
The cost of LS04 essentially is added into the cost of the SP10-57.

 Proportional Directional Control Application of SP Valves

In the previous section where the fork lift operation was described, we showed 
how to use the PV product in a lift lower circuit and to vary the speed to auxil-
iary functions. In this section the use of the SP poppet product will be shown in 
the same application. The advantage for using the SP poppet product is the load 
holding capability. The disadvantages are; increased hysteresis and an increase 
in the variability of the valve to valve reproducibility. Both of these disadvan-
tages can be minimized through various software schemes. Shown below is one 
possible solution for using an SP12-20 for lift along with an EC12-42 which 
gives priority to the lift function. The SP12-20 can also be used to control the 
lowering of the mast when used with the EC12-34. A compensator is used 
with the SP12-20s to assure consistent performance regardless of load. It is not 
needed to limit the pressure differential across the SP.
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Summary

In this chapter the following concepts were presented:

• The costs and benefi ts of internal vs external compensator.

• A table listing the compensation values for the internally compensated 
fl ow controls.

• How to use proportional fl ow control valves in a forklift circuit.

• The use of proportional fl ow controls to accurately control the speed 
of a hydraulic cylinder.

• How electronic closed loop feedback can improve system performance.
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Review Questions

Use the following review questions as a measure of your understanding of the chapter material.  
Answers are provided in the appendix.

1. Why would a PV72-30 be selected to only regulate 5 gpm instead      
 of a PV70-30?        

2. What is the benefi t of compensation?     

3. If the PV72-21 is regulating 12 gpm, how much horsepower is       
 required while the valve is compensating for pressure changes?

4. What are the pros and cons of using a SP12-20 in a lift/lower circuit?

5. What would an SP08-57 be used instead of an SP08-47?

6. Why was an FR08-20 be used in the fi rst fork lift circuit?  
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Chapter 14: Application of Coils

Objectives

The objectives for this chapter are as follows:

• Learn how the system voltage affects the performance of proportional valves.

• Understand how voltage drop across a controller may affect the current 
 available for a coil.

• Learn how duty cycle coupled with temperature infl uence the current draw 
 of a proportional coil.

Introduction

In this chapter, we will learn how the interdependencies of voltage, temperature, 
duty cycle and controller voltage drop infl uence the current available for a coil. 
Included in this chapter are graphs to reference the system voltage required at 
various ambient temperatures in order for a coil to draw maximum current.

HydraForce and the HydraForce logo are registered trademarks of HydraForce, Inc. 
The entire content of this manual is copyright 2008 HydraForce, Inc. All rights reserved.



Chapter 14: Application of Coils

Page 238  Electro-Hydraulic Proportional Valves Manual

 Applying Coils

In proportional valves, performance depends on the current in the coil.  
Coil current is a function of the applied voltage and the resistance of the coil. 
Increasing voltage will raise the current level while increasing resistance will 
decrease the current level. In most mobile equipment electrical systems, the 
applied voltage is not controlled, but varies around the nominal battery voltage. 
In the case of battery operated vehicles, this voltage decreases continually until 
the next charging cycle. The resistance of the coil changes because of outside 
temperature and the power applied. The rate at which the coil can dissipate the 
power in the form of heat affects the resistance. As the temperature of the 
winding increases, the resistance of the coil also increases. This increase in 
resistance causes a decrease in the current within the coil and can lower the 
output of a proportional valve. This is true unless a closed loop current driver 
compensates for the change in coil resistance. However, even with the control-
ler, the coil resistance may reach a point where the power supply is unable to 
provide suffi cient power.

In order to maintain maximum fl ow or pressure at high ambient temperatures, 
it is important to know the actual applied voltage to the coil, including any 
voltage drop across the controller. Generally, on engine driven equipment, 
where alternator voltage is several volts above battery voltage, a coil rated at 
nominal voltage works well. On battery operated equipment a coil rated at 
several volts below nominal voltage may work best.
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 Coils in Operation

To ensure optimal performance and cross-functionality, HydraForce determined 
the maximum current that could be applied to the coil under varying conditions.  
This was done by reviewing the voltage range available in mobile equipment, 
the amount of time the coil is powered, ambient temperature and the typical 
voltage drop across an electronic controller. Each of these factors must be 
considered simultaneously when looking at an application. These parameters 
are each discussed in the following sections. Further, an example is given for the 
pressure control coils.

 System Voltage

This section discusses the relation between the system voltage range and the 
current available for the coil. All other parameters considered (i.e. temperature, 
duty cycle etc.) are related back to voltage. That is, without suffi cient volt-
age the coil cannot draw the current needed when the temperature is hot or the 
coil is on continually. A typical system voltage range specifi ed by customers is 
+/-15% of nominal voltage. For a 12 volt system this is 10.2V to 13.8V. The fol-
lowing table shows the current available from various coils with 10.2V applied, 
and at room temperature. Compare the required current levels with the actual 
current. Notice that a considerable safety margin is built into each coil. For 
example, the required current draw for the EHPR08-33 to reach maximum 
control pressure is 1.2 Amps. However, the current draw at 10.2V is 2.0 Amps 
(10.2V / 5.1 Ohms = 2.0 Amp at 20°C). Comparing the 2.0 Amp to the 1.2 Amp 
shows that the system voltage could be much lower.

  Coil Resistance Current Draw* Required Current for
 Size 12V Coil at 10.2V Pressure Control Valves

 01 5.1 Ohms 2.00 Amp 1.20 Amp

 08 9.8 Ohms 1.04 Amp 0.65 Amp

 10 7.2 Ohms 1.42 Amp 1.10 Amp

 70 5.0 Ohms 2.04 Amp 1.50 Amp

   * Current Draw is calculated at 20°C

 Controller Requirements

Next, consider the effect a controller might have on the voltage available to 
drive the coil. Some controllers may require up to 1.5V to power the electronics. 
This voltage, or overhead (above the valve requirement) supplies power to 
create the dither, stabilized voltage, ramping and other features in controllers. 
The power draw of the electronics reduces the voltage available at the coil, 
or, in other words, another 1.5V of the nominal voltage is subtracted off. This 
means that if the operating system is 12V and the voltage range is + 15%, then 
the low end of the voltage range, 10.2V, is further reduced to 8.7V. The follow-
ing table is a revised list, comparing the required current draw to the current 
draw available with the 8.7V.
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  Coil Resistance Current Draw* Required Current for
 Size 12V Coil at 10.2V Pressure Control Valves

 01 5.1 Ohms 1.71 Amp 1.20 Amp

 08 9.8 Ohms 0.89 Amp 0.65 Amp

 10 7.2 Ohms 1.21 Amp 1.10 Amp

 70 5.0 Ohms 1.74 Amp 1.50 Amp

   * Current Draw is calculated at 20°C

Again, comparing the current draw to the required values shows that there is 
still a safety margin. Many OEM customers design their own electronics for 
their applications. If this is the case, the power is not subtracted directly from 
the power applied to the coil. These customers are usually able to supply the full 
voltage range to the valve.

 Ambient Temperature

While ambient temperature does not reduce the voltage available, it does cause 
the coil resistance to change. The following table lists the room temperature 
resistance and the resistance at 40°C. The current is also tabulated at 8.7V 
(allowing for low voltage and voltage drop across the controller).

 Coil Resistance at 20°C Resistance Current Draw*
 Size 12V Coil at 40°C at 8.7V

 01 5.1 Ohms 5.5 Ohms 1.58 Amp

 08 9.8 Ohms 10.6 Ohms 0.82 Amp

 10 7.2 Ohms 7.8 Ohms 1.115 Amp

 70 5.0 Ohms 5.4 Ohms 1.611 Amp

   * Current Draw is calculated at 20°C
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 Continuous Duty

This section will examine the effect of powering the coil continuously at IMAX.  
When IMAX is applied to a coil for more than one and a half hours, the coil 
resistance stabilizes. Under this condition, the duty cycle of the valve is continu-
ous. The term duty cycle in this section refers to the amount of time an operator 
commands the valve to work at a given current level. The graph below shows 
IMAX applied continuously. Also shown on the graph is the voltage, power and 
coil temperature. The voltage charted on the graphs on the following page is the 
value at which it stabilizes. The graph shows the current remaining fl at. Recall 
the magnetic force is directly proportional to the current, so this also remains 
constant. In order for these two parameters to remain constant, others must vary. 
As power is applied, the coil heats up and the resistance increases. Ohm’s Law 
dictates that the voltage and power must increase in order for the current to 
remain constant.

Power

Coil Temperature
Coil Force

Current

Voltage

Time
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The charts below summarize how the various parameters affect the voltage 
required to operate the proportional pressure control valves. The graphs show 
the interrelation between temperature, current, voltage and voltage drop across 
a coil for continuous duty operation. Two lines are shown. One represents the 
voltage required with overhead for a controller and the second is if the control-
ler is powered independently. Any voltage above these lines is suffi cient to 
supply the current necessary to operate the valve continuously.
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The following charts describe the operating conditions that affect the maxi-
mum current draw of the proportional fl ow control coil. The maximum current 
required for the 70 and 72 series valves ranges from 1250 to 1500 mA for a 
12V coil. The 76 series valves requires an IMAX of 1600mA. Further, the 08 
series fl ow control valves require 1400 mA when using a 12V 01 size (EHPR) 
coil. As noted, these current values are for 12V system voltage.
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70 Size Coil, Continuous Duty, at 1250 mAmp 
at various voltages & temperatures
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Material Limitation*

* Material Limitation:  The temperature rating of the plastic and magnet wire insulation is 180oC.
The graph depicts an operating range that exceeds this temperature.
It is not recommended to operate the coil under these conditions.
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The coils used on the pressure controls and fl ow controls are typically the Hy-
draForce standard 12v and 24v coils. The charts on the previous pages show that 
these products can be used continuously at room temperature or higher in many 
cases even in low voltage conditions.

When HydraForce developed the SP product, the rating system for continuous 
duty shifted from IMAXIMUM to a value termed IAVERAGE. In general, it is expected 
that in actual application, the current applied to the SP valve will vary. Some-
times the current applied may be close to maximum, while at other times it 
may be close to the threshold current. Therefore, the increase in coil resistance 
resulting from the power applied will typically stabilize around a nominal or 
average value. This stabilized average current value is defi ned as: 
IAVERAGE = (ITHRESHOLD + IMAXIMUM) ÷ 2.

The graphs illustrate the operating range of HydraForce standard coils on the SP 
valves. The graphs show the voltage required to continuously maintain average 
current. The voltage supplies suffi cient power to reach maximum current on an 
intermittent basis. Since it is recommended to use the SP valve with a closed-
loop current controller, a voltage drop of 1.5V across the controller has been 
taken into consideration in these graphs.

For example, the graph for the 08 size 10VDC coil shows that at an ambient 
temperature of 20°C, maximum current is available with only 83% of nomi-
nal system voltage. If ambient temperature rises to 80°C, maximum output is 
achieved only if 102% of nominal voltage is available to the coil. However, with 
the 12VDC coil, 102% of nominal voltage is required at 20°C. Notice that the 
voltage required at 80°C is above the maximum 115% of nominal voltage line.  
This indicates that the 12VDC coil is not suitable for this ambient condition 
regardless of the system voltage available.
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Summary

In this chapter the following concepts were presented:

• The affect of voltage temperature and operating time on the current draw
 available for the proportional valve.

• How the pressure control valves and the fl ow control valves are rated for   
 continuous duty at IMAX.

• The term IAVE was introduced to describe the duty cycle under which 
 the SP product was rated.



Chapter 14: Application of Coils

 Electro-Hydraulic Proportional Valves Manual  Page 249

Review Questions

Use the following review questions as a measure of your understanding of the chapter material.  
Answers are provided in the appendix.

1. What is the maximum ambient operating temperature of the 01 coil       
 when used in a continuous duty application with the PV08-30?        
 Why is there a maximum temperature limitation?    

2. What parameters are considered when applying a coil in       
  a continuous duty application?      

3. What is the minimum operating voltage required for a 12V coil to       
 maintain IMAX at the coil of the PV76-30?  (Assume 40°C ambient       
 temperature and 1.5V drop across a controller.

4. What coil voltage is recommend if the voltage system relies on      
 a battery as the primary power source? If an SP valve is being      
 used in a system?

5. Describe what IAVERAGE is and how it infl uences the perfomance 
 of the SP products.                                                           

6. If an eletrical system is driven from an engine is there a greater 
 concern for the coils being able to draw suffi cient current? 

7. What is the voltage drop across a typical control?

8. Defi ne continuous-duty use of a coil.
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Notes:
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Appendix A: Motion Control Theory

Objectives

The objectives for this appendix are as follows:

• Learn about valve step response.

• Show examples and terminology related to valve and system damping.

• Gain an understanding of bode plots.

• Defi ne open and closed loop systems and show examples of each.

Introduction

Hydraulic valves control the distance, speed and acceleration at which an actuator 
moves and the force it applies to an object. The science or discipline that describes 
the interaction between the valves and actuator is known as  Control Theory. 
In this chapter we will give and introduction of the terms used in control theory.  
Also, several examples will be provided to clarify these terms.

HydraForce and the HydraForce logo are registered trademarks of HydraForce, Inc. 
The entire content of this manual is copyright 2008 HydraForce, Inc. All rights reserved.



A-Page 2

Appendix A: Motion Control Theory

 Motion Control

Motion Control Theory describes the movement of an object, such as a crane or 
bulldozer. Control theory describes how fast the object travels, its position, how 
quickly it can accelerate or decelerate and the force that it may exert on another 
object.

One of the main functions of hydraulics is to assist in repetitive motion. Basic 
hydraulic components such as solenoid valves, needle valves and relief valves 
can control the direction, speed, and force of a hydraulic cylinder which is 
doing repetitive motion. However, the motion of the object, such as a loader bucket 
controlled by a cylinder, may appear jerky, sluggish or move too quickly, depend-
ing on the operator. These valves do not adapt to the operator, or to the load. They 
operate in on/off or two distinct modes, with no settings in between. Proportional 
valves can operate at the extreme on/off position or anywhere in between. They 
allow the hydraulic system to adapt to the changing environment. For example, if 
the vehicle is traveling too fast, the current to the fl ow control can be changed to 
reduce the speed.  This change in current could be controlled by the operator 
varying the position of the joystick. It may also occur without any operator input 
with sensing devices built in to the system.  An example of this type of device is 
the cruise control mechanism on an automobile. 

Several concepts which are part of motion control theory will be covered in the 
following sections. These include, step response, the damping force, frequency 
response, open loop control and closed loop control. The fi rst three topics give an 
indication of how quickly the valve will respond to the changes required to control 
the motion of the system smoothly. The remaining two topics describe the two 
basic methods used in controlling a system.

 Step Response

Response time is the time it takes for the valve to shift from one state to the next.  
HydraForce typically records values which are based on the valve going from Off 
to the maximum current and back to Off again.  The graph on the following page 
shows a typical response graph for a pressure control valve such as the TS38-20.
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The fi rst curve to be discussed is the voltage. It is turned on at point A and increased 
immediately to a constant level. Some time later, it is turned off, as indicated by point 
C, where it immediately falls to zero.

The current trace goes from zero at point A to IMAX at point B. While the current is 
increasing between these two points, it momentarily dips while the plunger is 
moving, then continues to increase when the plunger stops moving. The term 
“plunger” refers to the HydraForce name for the solenoid armature. This is the 
part of the valve that becomes magnetic when current is applied to the coil.

When the plunger becomes magnetic, it begins to move and apply force to the parts 
of the valve which control the hydraulic function. In this example, pressure begins to 
increase towards P2, the maximum control pressure. In some valves, the pressure 
continues to increase past P2. The difference between P2 and where the pressure 
fi nally stops increasing is known as overshoot.

The graph then shows the pressure decreasing and increasing a few times until it 
fi nally fl attens out at P2. This increase and decrease is known as oscillation.  The 
valve is said to be oscillating when the output characteristic, like pressure, is 
increasing or decreasing around some value such as P2. 

When the current is fi nally turned off, it immediately decreases. The pressure drops 
very quickly but tends to round off or decrease at a slower rate when the pressure 
gets near P1. The reason for this slow decrease in pressure is due to the damping 
characteristic of the parts inside the valve.

Note: As with hysteresis, the  overshoot and  oscillation may be reduced with the use 
of  PWM and  dither.

P2

P1

Pressure
& Current

Oscillation

Overshoot

Current

Voltage

Time

Pressure
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 Damping

The pressure curve on the previous page shows a force known as the  damping force 
which causes the pressure to round off at the end. It is also responsible for the 
 oscillation dissipating or  dying out.  When the current to the coil is turned On or Off, 
there is a change in energy. The parts inside the valve respond by moving rapidly 
from one position to the next. Damping is required to dissipate the sudden change 
in energy. When a force such as the magnetic force of the armature is applied to the 
parts, they begin to move. The parts begin to move with a given amount of speed, to 
a certain position within the valve, in order to give the desired fl ow or pressure. Since 
there are no brakes inside the valve, as in a car, the parts rely on damping to slow 
them when the desired position is reached. The following example illustrates this 
concept.

The shocks or struts in your car dampen the movement of the car when it hits a bump.  
The simple diagram below represents the car on its springs and shocks. The four 
springs and shocks on a car are represented here by one spring and one shock. 

Imagine driving along a road and 
coming up to a speed bump. The car 
goes up and down over the bump and 
then several more times depending 
on the stiffness of the shocks. The 
following graphs show the position 
of the car relative to the ground.

Spring Shock

CarMass

Ground
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Level Position
of Car

Level Position
of Car

Graph 1

Oscillation

Low Damping & Soft Springs

No Damping & Very Stiff Springs

Graph 2

Graph 1 to the left, shows a typical situation 
for the majority of passenger cars.  The car 
goes up and over the speed bump.  When the 
body of the car clears the bump, it dips down 
below the level position , and bounces back 
up and down again.  The car may bounce up 
and down several times before leveling off.

Graph 2 shows the car going up and over 
the speed bump and then back to its level 
position. This is typical of a pickup truck 
or sports car with very stiff springs or an 
extreme case such as a tractor which has no 
suspension.

Graph 3 shows that once the car gets over 
the top of the speed bump it still takes 
some time before getting back to the level 
position. This is not a real situation for 
a car, it is given merely as an example. 
In this example we would consider the 
car “over-damped.”

The performance with an old car with 
worn out shocks is shown in the Graph 4. 
The body of the car continues going up 
and down after the car goes over the bump. 
In this case, we would consider the car 
“under-damped.”

These examples relate to valves because 
there is some amount of damping in a 
proportional valve. If there is not enough 
damping, the parts of the valve would 
bounce up and down, as shown in Graph 4.  
If there is too much damping, it may take a 
long time for the parts of the valve to reach 
the required position, as shown in Graph 3.

Level 
Position
of Car

Level 
Position
of Car

Graph 3

A Lot of Damping

No Damping & Soft Springs

Graph 4
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The following three graphs show the performance of a valve which is  under damped, 
 over damped and one that has some overshoot and oscillation. The third graph shows 
the desired performance, despite the pressure graph not following the current 
perfectly. This small amount of overshoot and oscillation shows that the valve has 
some damping.

Damping in a valve can be accomplished by two methods. In the fi rst method, the 
parts are very close together and the clearance or fi t is small. This takes advantage of 
the viscous friction force. Another method of damping is by metering the fl ow into 
and out of a chamber known as the damping chamber.

Under Damped

Pressure

Pressure

Current

Time Time

Current

Over Damped

Desired Amount of Damping
(Critically Damped)

Current

Pressure

Time



A-Page 7

Appendix A: Motion Control Theory

 Frequency Response

Frequency response deals with dynamic behavior or the transient state of a 
mechanical system such a valve. In the following sections a fi ctitious example is 
given to introduce the topic. After this, the method used to actually measure the 
frequency response will be described, as well as related defi nitions.

The following is a fi ctitious or simplifi ed example of the brake system of a car.  The 
brake system shown below, as well as the graphs, will be used to demonstrate some 
basic concepts of frequency response. In the example, we will look at how quickly 
the valve can react to the input current or the system disturbance. In short, this is the 
frequency response of the valve. By knowing the frequency response of the valve, 
it can be determined if the valve will stay in sync or in phase with the input. If the 
valve is not in phase, the frequency response indicates if the output is higher or lower 
than desired. Further, the frequency response indicates how fast the input can change 
before the output is delayed or lags behind the input.

Graph #1 above, shows that the pressure closely follows the desired brake input and 
reaches the correct pressure for that amount of braking. In other words, the slopes 
of the two graph lines are parallel and the output or desired brake pressure starts 
building almost as soon as the input or brake is applied.  In terms of frequency 
response, the output from the valve is in phase with the input and the pressure 
reaches the desired amplitude or magnitude.

Desired Braking
(Input)

Desired Pressure
(Output)

Response
(Output)

Graph #1
Input

Seconds
0.5 1.0

Input from Brake Pedal

Oscilloscope

Brake

Controller

Valve

Desired
Braking
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The pressure is slow to build (or lags behind the input) because the valve is slow.  
This occurs because mechanical and viscous friction may cause the parts to stick 
inside the valve.  In other words, the valve may be over-damped. Once the valve 
begins to regulate the pressure, it causes the pressure to exceed the desired level. 
The pressure overshoots because of the momentum (mass multiplied by the speed) 
of the parts and the momentum of the oil. In other words, the parts cannot stop 
instantly once the desired pressure is reached.

In Graph #2, the desired braking or input, is faster. This is noticeable from the steeper 
rise or slope of the desired braking. The valve stays in phase, but some amount of 
overshoot exists. In addition, there is a small oscillation in the pressure, until it 
fl attens out to the desired brake pressure.

The third graph illustrates the controller trying to pulse the brake, as if in a panic 
situation. (Notice that the time on the graph is 0.1 second, rather than 1.0 second on 
graphs 1 and 2). In this case, the pressure is not able to follow the desired braking 
signal.  It is out of phase or lagging behind the input. If the valve had a higher 
frequency response, the pressure would closely match the input, as in the fi rst graph. 
In addition, the magnitude of pressure would not overshoot the required level. 

Desired
Braking

Desired
Pressure

Desired
Braking

Desired
Pressure

Graph #2 Graph #3

Overshoot
Oscillation

0.100.051.00.5
Seconds Seconds

lag



A-Page 9

Appendix A: Motion Control Theory

As mentioned in the example above, the frequency response is described by the 
amplitude of the output and how closely the output follows the input or lags behind 
the input. The frequency response for a valve can be found experimentally. This is 
done using a device known as a  frequency analyzer. One type of frequency analyzer 
sends out a  sinusoidal (or sine for short) signal as the output, in the form of current.  
It then collects information from the system (typically pressure). A block diagram of 
this type of test is shown below.

Graph #4 shows the controller trying to pulse the brake 200 times faster than in 
Graphs 1 or 2.  Notice in Graph 4 below, that the total amount of time is 0.01 seconds 
rather than the 1.0 seconds shown in the fi rst two graphs. Two pulses occur in 0.01 
seconds on the fourth graph vs. one pulse in the fi rst graph. Each pulse takes only 
0.005 seconds to go on and off. Dividing 1 second by .005 seconds gives the value of 
200 times faster than the pulse shown in the fi rst graph. In this case, the valve is even 
more out of phase (compared with Graph 3) with the desired braking, from the 
controller. The pressure continues to grow, despite the current having been turned off.  
This occurs because of the dynamics and inertia of the parts inside the valve. Again, 
in this example, the valve is unable to regulate the pressure to the desired pressure 
level, because the current was turned off before the valve could build pressure to the 
desired level.

Desired
Pressure

Desired
Braking

Graph #4

Seconds
0.005 0.01 0.015

Frequency
Analyzer
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The graph above shows the current oscillating in a sinusoidal wave form between 
maximum current and zero. The graph also shows that the sine wave was applied to 
the coil in one second. Another way of looking at it, is the rate at which the current 
varies between on and off occurs at one cycle per second or one hertz. A  hertz is 
abbreviated as Hz and is a unit of measure, indicating the number of cycles per 
second. This means that if the sine wave were repeated many times, the current 
would still go on and off once every second.

The second graph shows a similar sine wave, with one small difference. The peak 
and valley of this sine are shifted to the right. In frequency analysis terminology, this 
shift is known as a  phase lag between the input and the output. The angular unit of 
measure (°) degree, is used to describe the amount the output sine wave lags behind 
the input sine wave. 

In addition to generating current in sine waves at a rate of 1 Hz, the frequency 
analyzer can generate sine waves at a faster rate or higher frequencies. The output 
for valves is typically varied or  swept from 1 Hz to 100 Hz. The frequency analyzer 
would then compare the output sine wave (pressure) to the input sine wave (current) 
for each frequency to determine the lag at each frequency.
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Another term used in frequency analysis is magnitude.  The  magnitude is a measure 
of the difference in the amplitude or value that the pressure reaches at some sinusoi-
dal input frequency, as compared to the pressure value if the current was left on at 
Imax continuously.  This comparison is made using a unit of measure known as a  
decibel or dB for short.  The decibel was originally developed for measuring the 
intensity of sound and has been adopted in frequency analysis.

The defi nition of a decibel for use in measuring the response of a valve:

 Decibel (dB) = (20 log |0n / 00|)

 Where:           
 00 = output pressure with continuous current (steady state) applied to the coil.

 0n = output pressure when the current is varied at a sinusoidal frequency.

For example, let’s assume that the steady state pressure for the TS38-20 at Imax is 
3000 psi. If the output or pressure with an input current of 1 Hz is measured to be 
3000 psi, then the magnitude is 0 dB (20 log |3000/ 3000| = 0).

However, if the frequency of maximum current turning On and Off increases to 20 
Hz, the pressure may only reach 2500 psi. The magnitude then is 2.0 dB. Further, the 
output may lag the input by 45°.  The output compared to the 20 Hz input is shown in 
the graph below.
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0
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360

0.0500Seconds:

45

Pressure

Current
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 Frequency Magnitude Phase
 (Hz) (dB) (Degree)
 1 0 -8
 10 -1.25 -45
 11 -2.00 -56
 12 -2.75 -66
 13 -3.25 -70
 14 -3.40 -78
 15 -3.75 -82
 16 -4.20 -90
 20 -4.65 -102
 30 -10.0 -158

Numerous values for the magnitude and phase lag can be plotted against the 
 frequency, at which each was measured. This type of plot is known as a  Bode plot. 
Below is a table of various magnitudes and phase lags listed against the frequency 
at which they were recorded. These two values are plotted on a linear scale and the 
frequency is plotted on a logarithmic scale.  The two graphs are shown individu-
ally, below, however, they are typically overlaid on one another as shown in the third 
graph. The third graph is known as a Bode Plot.
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The Bode Plot is used to determine the behavior or stability of the hydraulic and/or 
mechanical system in which the valve is used. The frequencies at which the valve 
can operate and maintain the system stability is defi ned by the maximum frequency 
known as the  bandwidth.  The minimum frequency is zero Hz or  steady state. 

The bandwidth can be defi ned using two different points on the graph. The value 
typically reported in catalog literature is either the frequency at which the phase lags 
by 90° (Pt. A), or the magnitude decreases by 3 dB (Pt. B). 
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 Open Loop Control

Open loop control is associated with electrical and hydraulic systems. Essentially, 
it is a system where an operator gives a command and the system tries to obey that 
command. However, events may occur which cannot be compensated by that original 
command. When this happens, the operator must make a correction or choose to do 
nothing.  This type of system is best illustrated with an example. The system below 
is used to regulate the speed of a car. The further the operator moves the joystick, the 
faster the car goes. If the car encounters a hill, it will slow down if the driver does not 
compensate and correct the speed. 

As mentioned above, without feedback, two scenarios for the speed of the vehicle 
exist. The fi rst possibility is that the operator may not even attempt to adjust for the 
change in terrain, and the second scenario could be that she attempts to adjust but 
cannot get the speed back to exactly what it was. Both of these scenarios are shown 
in the following graphics.

The following graph shows that the current applied to the valve never changes. As a 
result, the speed decreases as the car goes up the hill. The speed of the vehicle returns 
to the desired speed once it is back on level ground.

Joystick

Controller
Valve
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Desired Speed
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Current

Level Ground

Time

Hill

Level Ground

The next graph shows the operator trying to use the speedometer as her feedback 
device.  The operator watches the speedometer while changing the input. The input 
from the joystick can be varied to correct the output (pressure and speed). In the 
graph below, the operator is trying to maintain the speed by adjusting the current, 
but cannot get back to the original or desired speed.
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Level Ground
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 Closed Loop Control

A closed loop control system is one which uses information ( feedback) from the 
hydraulic or mechanical system to correct the output and ensure the desired input is 
met. Again, the concept is best described by using an example. The following block 
diagram is an example of a system using closed loop control.

The system shown in the block diagram above works as follows: The operator moves 
the joystick to obtain a desired speed. A current from the controller is applied to the 
valve to regulate the pressure, to meet that speed. The speed sensor measures the 
speed and actual speed is compared against the desired speed. If the vehicle is going 
up hill, the actual speed may not meet the desired speed. At that point, a correction 
from the speed sensor is fed into the controller, to increase the current to the coil 
which will increase the pressure and speed. This method of comparing the actual 
output to the desired input is known as feedback.

The following example and graph show how the current corrects the pressure and 
speed when the vehicle begins climbing a hill. The graph shows that initially the 
speed does decrease, but after a short time, the current applied to the valve increases, 
bringing the speed back up to the desired speed. As the vehicle continues to climb the 
hill, the current stays at a higher constant level because the slope or grade of the hill 
does not vary. When the vehicle reaches the top of the hill, and the road is level again, 
the speed is higher than desired because the current has not yet been adjusted. Once 
the current adjusts, the speed returns to the desired speed.

Closed Loop Feedback

Actual OutputDesired  Output

Error Correction

Controller

Valve

Joystick

Speed
Sensor
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Various sensors or devices can be used for feedback. One such device, as previously 
mentioned, is a  speed sensor. The cruise control on a car has a speed sensor. Another 
sensor used in hydraulic systems is a  pressure transducer. This is used in conjunction 
with a pressure control valve to compare actual pressure to desired pressure. 
A  position sensor, such as an  LVDT (linear variable displacement transformer) is 
another example of a sensor, as is the  Hall Effect sensor. The position sensor can 
measure the position of a component, relative to a fi xed position. For example, the 
distance a cylinder rod travels, may relate to the position of a bucket on an excavator. 
By maintaining the position of the bucket, the excavator could dig consistently at a 
desired depth.
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Current
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Appendix B: Quiz Answers

Introduction

This appendix provides the answers to the quizes at the end of each chapter.

HydraForce and the HydraForce logo are registered trademarks of HydraForce, Inc. 
The entire content of this manual is copyright 2008 HydraForce, Inc. All rights reserved.
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Chapter 2: Quiz Answers

1. A potentiometer may be used to directly regulate the voltage applied to a coil to save money. 

2. Smooth DC is available from batteries.

3. The acronym PWM stands Pulse Width Modulation.

4. PWM is the rapid turning on and off a voltage source at a fi xed frequency. 
By varying the on time or duty, the current applied to the device can be controlled.

5. The dither duty cycle is typically fi xed at 50%.

6. Threshold is commonly called Imin. Maximum current is known as Imax or saturation current.

7. True. The maximum rated output for the valve is achieved at Imax.

8. The ramp function controls the rate of change in current output relative to a predetermined time.  
This function is used so that the output controlled by the proportional valve increases or 
decreases smoothly even if the input changes suddenly.

9. Dependent ramps are ones where the increasing or ramp while the valve is turning on, 
is equal to the decreasing ramp that controls the current to the valve while it is turning off. 
Independent ramps allow the on rate and off rate to be set separately.

10. False, current driven implies that the current is regulated by a closed loop current electronic 
controller.

11. The advantage of using current is that as a coil heats up the force generated remains the same 
if the current remains unchanged. When a coil heats up the resistance increases. If the voltage 
remains the same the current will decrease in accordance with Ohms law. With an electronic 
controller the voltage applied to the coil is regulated by the fact that the current is continually 
measured. As the coil heats up the control allows a higher amount of voltage to be applied 
to the coil. This is done by increasing the on-time of the PWM source.

12. The potentiometer is an input device. The amount of resistance is directly related to the current 
applied to the valve coil.

13. One example of where potentiometer could be found is in a joystick.
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Chapter 3: Quiz Answers

1. Pressure rise is a measure of how much the pressure increases above the set pressure.

2. Pressure droop is dependent on the fl ow the valve.  Pressure droop is caused by an increase 
in fl ow force. In general the fl ow force is such that it causes the valve spool to close off the 
metering holes.

3. False, pressure compensation is a term used with a device that can maintain constant fl ow   
regardless of the change in pressure.

4. The pressure control range is identifi ed by matching up the threshold hold current with the   
initial change in pressure for the low end of the range. The high end of the range is related   
to the pressure achieved at the maximum allowable current or Imax.

5. Hysteresis is essentially the valve components resisting to move when commanded. 
It is the difference in output as the input current is increased and decreased. 
Hysteresis is typically measured at one point.

6. Magnetic force increases as the current increases.

7. In order to minimize hysteresis dither is superimposed on to smooth DC signal or a low   
frequency PWM is used to control the current.

8. Hysteresis is  the result of mechanical friction, viscous friction or damping and coercive   
magnetic force (the resistance for change in strength of the magnetic fi eld).

9. Pressure range is bounded by Imin (where there is an initial change in fl ow) and Imax. 
The rate of change in pressure may or may not decrease when the current reaches Imax.
Imax for a pressure control is typically based on coil limitation.
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1. It is important to assure that the manual override screw is turned out fully so that the spring 
force set by the manual override does not become additive to the force developed by the coil.

2. The actuator used in the TS38-20 is known as a force motor actuator. The force versus stroke 
characteristic of such an actuator is nonlinear. If the stroke was larger than 0.005 the force 
developed by the coil and there force the pressure controlled would not be linearly proportional 
to the current. 

3. Spring force is a linear function. As the spring is compressed more the force increases in direct 
proportion.

4. A linear actuator is used to control the movement of the EHPR spool.

5. The force of the EHPR will remain constant as the air gap changes as long as the current 
remains constant.

6. The hysteresis of the TS38-20 is less than 3% when a PWM or dither frequency of 
approximately 200 Hz is applied to the coil.

7. The pressure range of the TS38-21 depends on the setting selected. The graph in the manual 
shows that the pressure range is from 3000 psi to 100 psi. This is the ‘A’ setting of the valve. 
The other two settings are the ‘B’ and ‘C’ setting which have a maximum setting of 2000 psi 
and 1000 psi respectively.

8. The typical application for the TS38-21 is to control the pilot pressure applied a larger spool. 
The larger spool typically controls the pressure in a cooling fan drive system.

9. The pressure droop in the EHPR08-33 is caused by an increase in fl ow force as the fl ow 
through the valve increases.

10. The amount of that the EHPR08-33 is rated for is 1 gpm. Most hydraulic circuits use 
a higher fl ow rate. The EHPR is used to control the pilot pressure applied to a larger 
directional that is sized such that it can control a fl ow much greater than 1 gpm.
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1. The TS10-27 is a two stage pilot operated valve. When no current is applied the valve   
remains closed until the pressure equals that of the valve setting. Once the pressure setting   
is reached the valve opens and oil is relieved to tank. When current is applied the pressure   
setting is reduced in proportion to the current applied.

2. The pilot section of a valve is the portion of the valve that controls the pressure above the   
main stage spool.

3. The main stage is the portion of the valve that controls the system pressure and fl ow.

4. False, the TS10-26 uses a force motor style actuator.

5. Three types of proportional pressure reducing relieving valves available from HydraForce   
includes the TS98-30, TS10-36 as well as the EHPR08-33. Others that are available in the   
catalog include TS98-T31, EHPR98-T33, TS98-T34 and the TS12-36.

6. False, the hysteresis of the TS10-27 decreases when low frequency PWM 
(approximately 200 Hz) is applied. This is true for most proportional valves.

7. The threshold current required in the TS98-30 is a result of the spring acting against the spool.

8. Like many of the pressure controls there are three pressure ranges available.

9. True, the TS98-30 does have a damping chamber. The reason for the chamber is to damp   
out oscillations that may occur in the load or at the inlet pressure. Another reason is to   
assure that the spool does not react too quickly to changes in the pilot section of the valve.

10. Pressure reducing/relieving valves are typically closed in transition in order to assure the   
valve remains stable as the transition from one mode to the other occurs.
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1. One reason to use a proportional pressure control is to smoothly or gently engage the  clutch.

2. The TS10-27 is used in fan drives systems because if the electrical system fails the valve   
will be set to maximum pressure, thus allowing maximum fan speed. In this type of failure   
situation it is better to have the maximum fan speed or the maximum amount cooling   
instead of the opposite. 

3. The EHPR is typically used to pilot large directional control spools such as the PE series or   
ones found in stack valves.

4. Two pressure reducing valves along with a feedback device could control the position of a   
cylinder. One pressure reducing valve would be placed at each cylinder port. Each valve   
would be energized to move the load in one direction or the other. One valve would be   
energized to a higher current than the other to make up for the differential area between   
the rod side and blind side of the cylinder.
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1. 1.55 gpm Flow rate  =  31 (constant, based on oil viscosity of 32 cSt) 
  x
 0.005 (orifi ce area in square inches) 
   x 
 10 (square root of pressure drop of 100 psi)

2. The disadvantage of a fi xed orifi ce is the fl ow varies when the pressure drop 
across the orifi ce varies.

3. One typical application is to meter or control fl ow into a cylinder.

4. The viscosity of the oil used for performance testing at HydraForce is 32 cSt.

5. True. This is why the term “droop” is associated with pressure compensated fl ow controls.

6. There are two active metering orifi ces in a priority/bypass compensator. The fi rst is to   
regulate fl ow to the priority port and the second is to regulate fl ow to the bypass port.

7. Saturation occurs when there is no output, regardless of the change in input.

8. Flow range is bounded by Imin (where there is an initial change in fl ow) 
and Imax (where the change in fl ow stops regardless of a change in current).
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1. The dominate forces acting on the components of the PV70-33 are the spring force and   
magnetic force. If the pressure drop across the PV70-33 becomes too high then the fl ow   
force may become greater than the spring force or magnetic force. Other forces that    
infl uence response and hysteresis would be the magnetic hysteresis, mechanical friction   
and viscous damping or friction.

2. The PV70-33 must be used with an external compensator because the pressure drop 
across the valve must be limited so that it does not wash shut from fl ow forces.

3. The differential across the PV70-33 and PV70-35 must not exceed 300 psid.

4. The compensation value is a measure of pressure drop across the fi xed orifi ce that is    
suffi cient to cause the active spool the compensator to begin to regulate or limit fl ow.

5. The override in the PV product is a screw style override. This allows the metering spool 
to be opened as desired in a similar that he current controls the opening of the valve.

6. The maximum fl ow rating of the PV70-33 is determined by the number of holes in the   
cage and the amount that these holes can be uncovered when the spool moves.

7. One reason to use the EC12-40 with the PV70-33 instead of the EC10-40 is that the 
EC12-40 can handle a higher bypass fl ow.  

8. The main difference between the PV70-33 and the PV70-35 is that the fi rst is normally   
closed and the second is normally open.

9. When the load pressure suddenly changes in a circuit where a PFR70-33 is regulating 
the fl ow the fl ow will remain unchanged.
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1. A PV72-20 is a normally closed restrictive style proportional fl ow control.

2. Port 2 of the PV70-30 needs to be blocked in order to make it a restrictive style fl ow control.

3. When the load pressure suddenly changes a compensating spool will move in response to   
assure that the pressure drop across the metering orifi ce remains the same. This assures   
the fl ow rate remains the same.

4. The difference between the PV70-30 and the PV70-31 is that the PV70-30 is a normally   
closed fl ow control and the PV70-31 is normally open.

5. There are typically two spools in the internally compensated fl ow controls.

6. True, the magnetic force is balanced by the spring force.

7. The damping is present in many valves to assure smooth and quiet operation.
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1. The patent for the ZL products is the invention of the bidirectional proportional fl ow control.

2. The pressure sense tube is in the ZL70-30 to assure that the pressure in the armature area 
is the same as that just inside the metering spool.

3. The difference in the forces acting the compensating spool when the fl ow changes direction 
is simply a change in direction in relation to the change in fl ow. For example the pressure 
force noted as the inlet port pressure force acts in the same direction as the fl ow.

4. The pressure compensation pressure can be found on the regulated fl ow versus pressure drop graph.  
The compensation pressure appears to be approximately 250 psi. This characteristic is found where 
the knee of the curve occurs.

5. True, the ZL70-30 is a restrictive style fl ow control.

6. The minimum pressure required for fl ow to pass from port 3 to 2 of the PV70-33 is 250 psi.

7. The pressure compensation value of the ZL70-33 is 75 psi.

8. The pressure compensation value of the ZL70-36 is 50 psi.

9. The main difference between the ZL70-33 an the ZL70-36 is that the ZL70-36 allows oil to   
fl ow from port 3 to 2 when the load pressure is very low.

10. True, the ZL70-36 acts as a priority/bypass fl ow control when oil is fl owing into port 1.    
When oil fl ows into port 3 the valve acts as a restrictive style fl ow control.
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1. Some of the similarities between the SP08-20 and SV08-20 include the basic construction   
of the tube subassembly, which includes a similar adaptor and guide tube. The plug    
appears the same on the outside but differs internally because of the shape of the magnetic   
pole face. Other similar components are the cage, poppet and pilot pin.

2. False, the SP08-20 does not use a push style armature it uses a pull style armature.

3. The three signifi cant forces acting on the components of the SP08-20 include the spring   
force, magnetic force and pressure force acting on the pilot pin.

4. The forces on the SP08-20 components are always balanced when the valve is operating.    
The pressure force may initially be higher when the valve is shut complete.

5. The special processes that were developed for the SP08-20 include the dual diameter 
grinding of the cage and the polishing of the armature. Both processes were developed 
to reduce mechanical friction.

6. This curve was included to show that the pressure drop through the valve may be    
decreased when current above Imax is available.

7. False, the performance will degrade when a J or Y style override is selected.

8. False, the SP08-20 uses the same coil as the SV08-20.
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1. The slope of the fl ow versus current curves differs between the S1 and S2 coil of the 
SP08-47’s because the magnetic force in the S2 direction is greater because the 
magnetic fl ux path is relatively stronger.

2. False, the tank ports differ. The tank port is at port 1 for the SP08-47 valves and at port 3 for the  
SP08-58 valves.

3. False. The maximum fl ow controlled by the SP08-47DL is less than that controlled by the   
SP08-47D.
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1. The PV72-30 has a lower compensating value. Therefore, the horsepower loss will be less.

2. A pressure compensator is used maintain a constant pressure drop across an orifi ce. 
The benefi t of such a combination is that the same across the orifi ce is maintained 
regardless of load pressure.

3. The value of the compensating spring in the PV72-21 is 2.45psi. The horsepower is equal   
to the fl ow (12gpm) multiplied by the pressure (2.45psi) divided by 1714 or: 

 (2.45 psi pressure  x  12 gpm fl ow rate)  ÷  1714  =  1.72 hp

4. On the plus side the SP12-20 is a load holding valve. Because of this the cylinder mast   
will not drift. The draw back to using an SP12-20 in such a circuit is that the hysteresis 
is greater than that of a PV and the reproducibility band is greater as well.

5. The SP08-57 has an additional port as compared to the SP08-47. This extra port is used 
to provide load sense pressure to a compensator. This type of valve in conjunction with an   
external pressure compensator, such as the EC10-32, will provide enhanced control when   
compared to the SP08-47 without a compensator.

6. The FR08-20 is in the system to bleed-off pressure from the regulated port. If this is not   
done, pressure on the regulated port would be trapped. This pressure would eventually   
cause the internal compensator spool of the PV to shift and close-off fl ow to the bypass port.
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1. The maximum operating temperature for the 01 coil is 75°C when used with the PV08   
products. The limitation is a maximum value to assure the material does not fail.

2. The parameters that should be considered to assure a proportional valve coil is properly   
applied is the available voltage, the maximum ambient temperature, the duty cycle 
and the voltage drop across the controller.

3. The minimum voltage required to assure that 1600 mA is available to drive a PV76 
is 11.1V.

4. If the electrical system is battery driven, a 10V coil is recommended for a 12V system, 
and a 20V coil is recommended for a 24V system.

5. I-average can be found by adding the threshold current to the maximum current and    
dividing by 2. It is assumed that typically the SP valves will be used at a current higher   
than this value and lower than this value. Because the current is always changing when   
the valve is used continuously, the current level heating the coil is this average value. 
The valves are designed so that even when the coil heats at this average value, the resistance   
is low enough for the coil to draw the maximum current when the voltage given on the graph 
is available at a given temperature.

6. If the electrical system is driven by an alternator connector to an engine, there is less concern 
if the coil can draw suffi cient current.

7. The voltage drop across many of the HydraForce controllers is 1.5V.

8. Continuous-duty operation is typically defi ned as applying the maximum current for a   
period of time that exceeds 30 minutes.
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