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Abstract 
 

Hydraulic control systems of butterfly valves are presently valve-controlled and pump-controlled. Valve-controlled 
hydraulic systems have serious power loss and generate much heat during throttling. Pump-controlled hydraulic systems 
have no overflow or throttling losses but are limited in the speed adjustment of the variable-displacement pump, generate 
much noise, pollute the environment, and have motor power that does not match load requirements, resulting in low 
efficiency under light loads and wearing of the variable-displacement pump. To overcome these shortcomings, this article 
designs a closed hydraulic control system in which an AC servo motor drives a quantitative pump that controls a spiral 
swinging hydraulic cylinder, and analyzes and calculates the structure and parameters of a spiral swinging hydraulic 
cylinder. The hydraulic system adjusts the servo motor’s speed according to the requirements of the control system, and  
the motor power matches the power provided to components, thus eliminating the throttling loss of hydraulic circuits. 
The system is compact, produces a large output force, provides stable transmission, has a quick response, and is suitable 
as a hydraulic control system of a large butterfly valve. 
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1. Introduction 
 
A butterfly valve has a simple structure, is convenient to 
operate, allows good flow regulation, and provides a good 
seal, and is widely used in petroleum, chemical, 
shipbuilding, metallurgy, pharmacy, electric power (such as 
hydropower and nuclear power), and other industries [1] [2]. 
In recent years, the control requirements of butterfly valves 
have increased with improvements in industrial process 
control automation and production efficiency, especially in 
high- temperature, high-pressure, inflammable, explosive, 
and toxic environments. These requirements have demanded 
the actuator of the butterfly valve to be small in size, light in 
weight, highly efficient, and highly reliable, and require little 
energy to run. However, large pipes and butterfly valves are 
used in practice. Control actuators and hydraulic systems 
should thus be further developed for large butterfly valves.  
 
2. Analysis of the hydraulic control mode of the 
hydraulic actuator of a butterfly valve 
 
To satisfy control requirements, the current configuration of 
large butterfly valves has an independent control system and 
hydraulic station. At present, there are three basic types of 
control systems for butterfly valves as described in this 
section [1] [2] [3] [4] [5].  
 

2.1   Valve-controlled hydraulic system 
A valve-controlled hydraulic system for a butterfly valve 
uses a commonly available motor and quantitative pump 
circuit, as shown in Figures 1 and 2. The system comprises a 
filter 1, relief valve 2, fixed-displacement pump 3, one-way 
valve 4, accumulator 5, hydraulic cylinder 6, electro-
hydraulic proportional valve 7, electro-hydraulic servo valve 
9, and filter 8, where the numbers correspond to the labels in 
the figures. The electro-hydraulic proportional valve or 
electro-hydraulic servo valve regulates and controls the 
speed of the cylinders. Accumulators moderate the impact, 
absorb vibrations and open or close the butterfly valve in an 
emergency. A proportional valve is cheaper than a servo 
valve, but the servo valve has a faster dynamic response. 
Both circuits provide a rapid response and accurate control.  
     There are three disadvantages of the hydraulic control 
mode. First, the working environment of the servo valve is 
severe, and oil pollution can readily cause the failure of 
servo valve. Second, the valve-controlled system requires a 
large hydraulic tank, which limits its application in a small 
space; the servo valve has a large throttling loss, resulting in 
a serious power loss; and throttling of the servo valve 
generates heat in the system, requiring the system to be 
equipped with a cooling device because the servo valve is 
sensitive to temperature changes. Third, the servo valve is 
difficult and expensive to manufacture, and maintenance of a 
hydraulic system is difficult when the system fails [1] [2]. 
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Fig. 1.   Hydraulic system for proportional-valve control 
 
 

 
 
Fig. 2.   Hydraulic system for servo-valve control 
 

 
Fig. 3.   Hydraulic system for pump control 

2.2   Pump-controlled hydraulic system 
A pump-controlled hydraulic system for a butterfly valve is 
shown in Figure 3. The system uses a commonly available 
motor and variable-displacement pump. Pressure oil 
produced by a pump 3 passes through a one-way valve 4 and 
reversing valve 6, and enters the oil cylinder 7, where the 
numbers refer to labels in the figure. The system depends on 
the variable-displacement pump adjusting the flow rate and 
the operational speed of the cylinder. The variable-
displacement pump varies its output flow by changing the 
angle of an inclined plate, so as to control the speed of the 
cylinder. The circuit has no overflow or throttling loss, has 
high efficiency, and can be used in a large power system. 
However, the system also has its disadvantages [4]. First, the 
angular range of the inclined plate of the variable pump is 
limited. The range of adjustment of the cylinder speed is 
thus limited and the variable-displacement pump generates 
much noise and is prone to polluting the working 
environment. Second, the rotational speed of the motor is 
constant under various conditions, yet the load on the system 
usually varies. The power provided by the motor thus does 
not match the power needed by components, and efficiency 
is low for light loads, which wastes energy and induces wear 
of the variable-displacement pump.  

 
Fig. 4.   Hydraulic system for several cylinders 
 

If there are several butterfly valves, a concentrate 
hydraulic station is used as shown in Figure 4. The hydraulic 
system adopted two constant pressure variable pumps as 
power source, one is in spare. The two pumps need to work 
together when butterfly valves rotate at the same time. 
 

 
Fig. 5.   Hydraulic system for accumulator control 
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2.3   Accumulator hydraulic control system 
An accumulator-controlled hydraulic system for a butterfly 
valve is shown in Figure 5. After the pump stops operation, 
the pressure oil of the accumulator passes through a 
reversing valve 6 and flow regulator valve 8, and enters an 
oil cylinder 7, where the numbers refer to labels in the 
figure. A flow regulator valve adjusts the cylinder speed. At 
the same time, the accumulator provides auxiliary energy to 
the system, and the system thus only needs a small pump. 
Butterfly valves that do not frequently open and close, so as 
to reduce energy loss, employ this type of circuit [5]. If the 
hydraulic cylinder needs a high flow rate and high output 
force, then the system needs to be equipped with a larger 
accumulator that provides greater pressure. This design is 
clearly not suitable for large butterfly valves.  
 
 
3.  Design of a hydraulic control system for the actuator 
of a large butterfly valve 
 
The three hydraulic control systems described above are 
mainly used in a butterfly valve system of medium size. A 
large butterfly valve requires large output torque and high 
control performance. If the hydraulic systems described 
above are used, the power consumption will be high and the 
control performance will not meet the requirements of 
application. Therefore, in view of control of a large butterfly 
valve, this article outlines a hydraulic system of servo motor 
and quantitative pump control, where the actuator employs a 
spiral swinging hydraulic cylinder, as shown in Figure 6.  
 
3.1 Design of the hydraulic system 
Figure 6 shows the components of the hydraulic system for 
the large butterfly valve as a servo motor 1, bidirectional 
quantitative pump valve 2, fill oil valve 3, hydraulic lock 4, 
fill oil pressure tank 5, relief valve 6, electromagnetic 
directional valve 7, accumulator 8, and a rotary hydraulic 
cylinder incorporating a screw 9. 

The working principle of the system is that as pressure 
oil enters the upper (left) cavity of the spiral swinging 
hydraulic cylinder, the hydraulic output shaft turns to the 
right, oil in the lower (right) chamber enters the quantitative 
pump 2, and the shortage fraction oil of the inlet of pump 2 
is supplied by supplement oil tank 5 passing by filling oil 
valve. Similarly, if the output shaft of the spiral swinging 
hydraulic cylinder turns to the left, quantitative pump 2 
inverses and pressure oil enters the bottom (right) chamber 
of the hydraulic cylinder 9. As the liquid filling valve 
(hydraulically controlled check valve) 3 opens at the same 
time, redundant oil in the upper cavity of the hydraulic 
cylinder 9 returns to the pressure tank 5. The hydraulic lock 
4 protects against overloading. When the motor 1 loses 
electrical power and the variable pump 3 stops operating, the 
hydraulic lock 4 keeps the hydraulic cylinder 9 at a median 
position. Because the system needs only a small amount of 
oil when it runs normally, it does not need a large fuel tank, 
and the system can be made smaller in size. The whole 
system uses a programmable logic controller (PLC) that has 
an uninterruptible power supply (UPS). In the absence of 
electrical power or in an emergency, with the aid of the UPS, 
the accumulator 8 provides pressure oil to the oil cylinder 
through the reversing valve, thus completing the opening or 
closing of the butterfly valve. 

The stem angle position of the butterfly valve is detected 
by an angle sensor. A given signal is compared with the 
angle signal and a control instruction is generated. The 

controller (including the servo motor driver) outputs a rotary 
speed instruction to the servo motor. The servo motor then 
drives the hydraulic quantitative pump to rotate. When the 
valve stem rotates to a given position, the comparison 
signals that controller obtains is zero, the servo motor 
outputs zero speed, and the hydraulic pump no longer 
provides pressure oil. At that time, two hydraulic controlled 
check valves lock the hydraulic cylinder, ensuring that the 
hydraulic cylinder does not move under the action of an 
external force [6] [7].  
 

 
 
Fig. 6.   Servo motor and pump control hydraulic system 
 
 

This system embodies fully the characteristics of the AC 
servo motor. The motor can automatically change speed, 
direction, and torque, the power generated by the motor 
matches the power required by components at any time, and 
the system has high efficiency. This system overcomes 
disadvantages of the electro-hydraulic servo-valve control 
system, such as large throttling loss, a tendency to pollute 
the working environment, and high manufacturing cost [3], 
and avoids disadvantages of the variable-displacement pump 
control system, such as the narrow range of cylinder speed 
and power that do not match the load.  
 
3.2 Design and calculation of the spiral swinging 
hydraulic cylinder 
There are two main types of structures of hydraulic actuators 
that drive a butterfly valve plate to open and close: a gear-
rack rocking hydraulic cylinder and spiral swinging 
hydraulic cylinder. A gear-rack rocking hydraulic cylinder 
has large output torque, high efficiency, and long service 
life, but has a large axial dimension, requires a large 
installation space, and is subject to interior leaking[8] [9] 
[10]. That the spiral swinging hydraulic cylinder has a spiral 
structure that converts the reciprocating movement of the 
piston into the reciprocating rotation of the output shaft via a 
helical gear, as shown in Figures 6. The spiral swinging 
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hydraulic cylinder has advantages such as a compact 
structure, safe and reliable operation, a small installation 
space, accurate positioning, a large output torque and large 
rotary angle, and no internal leaking, and thus has a wide 
range of application.  
The use of a gear-rack rocking cylinder requires other 
intermediate transmission parts such as a gear or fork, 
whereas the output shaft of the spiral swinging hydraulic 
cylinder joins the stem of the valve plate directly through the 
coupling.  

Butterfly valves only need to rotate through 
approximately 90° to open or close. Because the rotation 
angle is small, the piston requires a short stroke. Thus the 
design adopts single-stage spiral transmission, reducing the 
difficulty of manufacture and assembly. The DN1200 
butterfly valve adopts a hard seal, has rotational torque 

42730nT Nm=  and a stem diameter of 0d =130 mm, and 
takes 10 s to open or close [11].  
 
3.2.1   Calculation of the screw parameters 
The given value of the maximum working pressure of the 
system is 20

aMP . Figure 7 is a diagram of the rotary 
cylinder structure with the screw. Depending on the screw 
mechanism, the piston converts liquid pressure into rotation 
of the screw. The screw has a standard right-hand 
trapezoidal thread. The screw parameters are the major 
diameter, pitch diameter, minor diameter, lead, and pitch 

[12].  
The selected screw material is 45CrNiMoVA, which has 

high shear strength and is quenched at 860 °C and tempered 
at 460 °C to ensure its strength and dimensional stability. 
The selected nut material is ZCuSn10Pb1, which has good 
resistance to wear. The mechanical properties of the 
materials are shown in Table  1. 
 

 

 
 
Fig. 7.   Swinging cylinder structure 

Table 1. Mechanical properties of materials 

material 
tensile strength 

bσ (
aMP ) 

elastic limit 

sσ (
aMP ) 

45CrNiMoVA 1470 1330 
ZCuSn10Pb1 360 170 

 
According to the literature [12], the nominal diameter of 

the spiral under the condition that the screw pair undergoes 
pure shearing is estimated as follow: 
 

[ ]

)(41.109)(10941.0

10133025.06.014.3
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Here 

JT  is the calculated torque (mm) , which is 

calculated as
J nT KT= , where nT  is the maximum load 

torque and K  is the correction coefficient; we 
select 1.2K = . [ ]τ  is the allowable shear stress ( aMP ), 

which is taken as  0.6 1/ 4×  times the yield strength 
[12],that is [ ] 25.06.0 ××= sστ . Considering the stem 
diameter to be joined and following the national standard, 
we select a large screw diameter

1d 160mm= .  
Furthermore, according to the national standard, we 

select the other parameters of the screw as shown in Table  2.  
 We take the nut screw laps 80 =n . The nut (piston) 

height is calculated as follow: 
 

mmPnH 1281680 =×==                          (2) 
 

        The literature [12] gives the screw lead as follow: 
 

1L tannP dπ λ= =                               (3) 
 

Where n  is the alignment pole number of the screw. 
Formula (3) shows that the bigger the lead L , the 

bigger the helix angle λ  . The theoretical analysis of 
trapezoidal screw transmission is that the output torque 
increases with the spiral angle, but in practical application, 
the structure become larger with an increase in the helical 
angle of the spiral swinging hydraulic cylinder. However, 
manufacturing becomes more difficult as the helix angle 
increases. Considering the problems, we select the number 
of thread lines 40n = .  

The helix lead angle is calculated as follow: 
 

0

1

49
160
1640arctanarctan =

×
×

==
ππ

λ
d
nP                      (4) 

 
       Using formula (3), we calculate the spiral lead 
is 640L mm= . Because a butterfly valve only rotates 
through 90° when opening or closing, the effective stroke for 
the hydraulic cylinder is selected as / 4L , that is 160 mm 
and this conforms to the national standard. The screw 
parameters are shown in Table  2. 
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Table 2.   Screw parameters 
name symbol value 

major diameter 1d  160mm  

pitch diameter  2d  152mm  

minor diameter 3d  142mm  

pitch P  16mm  
lead L  640mm  

nut  height H  130mm  

helix lead angle λ  490 

cylinder stroke / 4L  160mm  
 
3.2.2 Calculation of the mechanical efficiency of the 
screw 
According to the force diagram shown in Figure 8 and the 
static equilibrium principle, the force equations of the screw 
are shown as follows: 

 
1 2 cos sinPF F F N Nλ µ λ= + = +                (5) 

 
/ (cos sin )PN F λ µ λ= +                               (6) 

 
 Where λ  is the helix angle (deg ), µ  is the coefficient 
of friction, and α  is the tooth profile angle. For a T-thread, 

030α =  and the circumferential force rotating of the screw 
and the resistance are respectively given by followings: 
 
1 sinT N λ=                                           (7) 

 
2 cosT Nµ λ=                                   (8) 

 
 The torque equation is shown as follow: 
 

1 2 (sin cos )T T T N λ µ λ= − = −                  (9) 

 

 
Fig. 8.   Screw forces 

 
 The output torque of the spiral swinging hydraulic 
cylinder M (Nm ) is calculated as follow: 

 

2
0dTM =                                      (10) 

 
 Where 0d is the average diameter, which is calculated 
according to the pitch diameter of the screw here.  
 Combining formulas (5)–(9) with formula (10) leads to 
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 Where µ  is the vice friction angle of the screw, 
according to the spiral vice materials, we select 0.08µ = . 
PΔ is the pressure difference between two oil cavities of the 

hydraulic cylinder (
aMP ), which can be calculated according 

to the equation PSFp Δ= .S  is the effective compression 

area of the piston ( 2mm ). According to the structure and 
national standard, we select the piston diameter 250D mm=  
(i.e., cylinder diameter), the protrusion of the rod 
diameter 140d mm= , S can be calculated as follow: 
 

( ) 222 35796
4

mmdDS =−=
π                        (12) 

 
 According to the mechanical design manual [12], the 
theoretical output torque of the spiral swinging cylinder is 
given by the following: 
 

2
0

0
PSdM Δ

=                                       (13) 

 
 Considering the tooth profile angleα , the equivalent 
friction angle of the screw is shown as follow: 
 

06.4
15cos
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µ

ρv                 (14) 

 
 The mechanical efficiency of the rotary cylinder is 
calculated as follow: 
 

8342.0
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 Where 0.98 stands for the bearing efficiency. 
 The output angular velocity of the oil cylinder is ω = 
0.0785(rad/s), then the output (input) flow of the hydraulic 
cylinder is calculated by the following: 
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We select back pressure
2 0.8 aP MP= . Using formula 

(11), the actual output torque of the hydraulic cylinder can 
be calculated as follow: 
 

( )

Nm

PSdM v

48122)6.449tan(
2
35796)8.020(

tan
2

0

=−
×−

=

−
Δ

= ρλ               (17) 

 
 

nTM > , this result satisfies the requirement of the load.  
 
 

4.  Conclusion  
 
This paper analyzed traditional hydraulic control circuits of 
butterfly valves, designed a closed hydraulic control system 
in which an AC servo motor drives a quantitative pump that 
controls a spiral swinging hydraulic cylinder, and analyzed 
and calculated the structure and parameters of the spiral 
swinging hydraulic cylinder. The following conclusions are 
drawn from the results of the study.  

(l) Traditional hydraulic control systems of a butterfly 
valve have large energy consumption and low output torque, 
a narrow range of adjustment of the cylinder speed, and 
power of the electric motor that does not match the load. 
Traditional systems are thus not suitable for the control of 
large butterfly valves.  

(2) A new system adopts an AC servo motor and uses a 
quantitative pump to drive an actuator. Using an electric 
motor to change speed, direction, and torque instead of the 
three traditional hydraulic control systems, the change in 
speed of the AC servo motor can control the rate of a 
quantitative pump, and the speed of the servo motor can be 
adjusted according to the needs of the system, allowing the 
motor power to match perfectly the power needed by 
components. The system eliminates the throttling loss of 
hydraulic circuits, saves energy, and has a greatly simplified 
hydraulic circuit.  

(3) A quantitative pump produces little noise, generates 
little pollution, has low requirements for the oil filter, is easy 
to maintain, has low manufacturing and use costs, and 
extends the system lifetime.  

(4) The new system has a simpler composition, has 
fewer hydraulic circuits, and is lightweight, and all elements 
can be integrated into one body, greatly reducing the system 
volume and making the system more convenient to use and 
install. For a closed system, there is no external fuel tank, 
which greatly reduces oil pollution and protects the 
environment.    

(5) A single-stage spiral swinging hydraulic cylinder has 
many advantages such as compact structure, easy of 
manufacture, safe and reliable operation, small occupying 
space, accurate positioning, large output torque and rotary 
angle, no interior leaking, high efficiency, and ease of 
control.  
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