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Abstract—The requirement for a grid-connected wind 

turbine is that the synchronous generator speed is stable 

within a required speed range for the power grid. In this 

paper, a hydraulic wind turbine (HWT) system (HWT) is 

considered, and the working principle and working conditions 

of the HWT are introduced. A novel speed control method is 

proposed in this paper, using both a proportional flow control 

valve and a variable displacement motor, which are adjusted 

in combination to control the speed of the HWT. By 

establishing a state space model of the HWT and solving the 

nonlinear system with a feedback linearization method, a 

bivariate tracking controller is constructed to realize accurate 

speed control under fluctuating wind speed and the load 

disturbance conditions. The effectiveness of the control 

method is verified by simulation, but experimental results 

highlight problems with the method. Based on these results, 

the theoretical control law is simplified to reduce sensitivity to 

measurement noise and modelling error, and the effectiveness 

of the control law is finally verified experimentally. It lays a 

theoretical foundation for the practical application of HWT. 

Index Terms—Synchronous grid-connection; Hydraulic power 

take off; Feedback linearization; Hydrostatic transmission 

I  INTODUCTION 

Wind energy is a vast renewable energy resource being 

increasingly tapped by wind turbines which are growing in 

number and size. Conventional wind turbines transmissions 

consist of a mechanical gearbox and high speed generator, 

or sometimes direct drive low-speed generators are used as 

described in [1]. But these two traditional transmission 

schemes have some disadvantages, such as high cost and 

high failure rate. In order to reduce the cost and improve 
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the reliability, hydrostatic transmissions have been 

proposed in [2-4]. Thus the power captured by the turbine 

rotor will be transmitted to the generator through the 

hydrostatic transmission, and the generator can be flexibly 

installed, either in the nacelle of the wind turbine, or 

installed on the ground driven via hydraulic pipelines, 

which greatly reduces the difficulty of installation and 

maintenance. The bBenefits of the hydraulic wind turbine 

(HWT) are that the hydrostatic transmission is inherently 

more compliant than the mechanical transmission, which 

makes it more reliable in the face of shock loading, and the 

transmission ratio is adjustable, so the system does not need 

additional frequency conversion devices to coordinate wind 

turbine speed and power grid frequency. Meanwhile, with 

the development of digital hydraulic technology, the low 

part-load efficiencies of conventional hydraulics is 

solved[5]. 

As a new type of wind power generation technology, the 

HWT has been the subject of several research and 

development studies[6-10]. Grid connection is one of the 

key requirements for wind power generation. Thus the 

HWT needs to control the generator speed to be stable in 

grid frequency if a cost-effective synchronous generator is 

to be used, even though the wind speed and generator load 

are varying. Various methods have been proposed to satisfy 

the above need. An energy storage system is introduced in 

the HWT, and two control loops regulating the accumulator 

pressure and hydraulic motor speed are proposed to keep 

the motor speed constant in [11], but an experimental 

verification is not carried out. A variable displacement 

hydraulic motor and flow control valve are used to realize 

the grid connection speed control of the HWT in [12], but 

the flow control valve in the control structure is located 

between the high pressure and low pressure lines. This 

allows a bypass flow which is used for speed control, but 

also causes a flow loss and hence power loss. An 

accumulator is used to smooth the fluctuations of the 

hydraulic system and realize the speed control in [13], and 
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the pressure of the high-pressure line can be stabilized, but 

when the rotor speed is too high, the system will still lose 

flow through a relief valve. A compensation control method 

for speed reduction based on the pressure feedback is put 

forward in [14], and the high-precision motor speed control 

is realized. However, the control of the motor speed is not 

considered with random changes of pump speed and hence 

flow. The speed of the motor is compensated by detecting 

the rotor speed, and using a fuzzy control method to give 

good dynamic characteristics in [15], but the system always 

adjusts to connect to the grid smoothly under the wind 

speed disturbance. An adaptive fuzzy sliding-mode control 

(AFSMC) is proposed for the speed control of a hydraulic 

pressure coupling drive in [16]. To handle changes of wind 

speed and load power, a double-loop speed control scheme 

is proposed to hold the motor speed at the synchronous 

speed in [17]. However, there is no explanation of relevant 

experiments. For a HWT with a fixed displacement pump 

and a fixed displacement motor as the hydraulic main 

transmission system, under wind and load disturbances, 

a proportional flow control valve is used to control the flow 

rate between the main and auxiliary generators to control 

the main generator speed in [18]. However there is only one 

control variable, and the control accuracy is relatively poor. 

In view of the relevant literature on speed control of 

HWTs connected to the grid, a better control accuracy 

method is still required, which considers the various 

disturbance factors while ensuring that the system 

maximizes power capture. Therefore, this paper introduces 

a proportional flow control valve in the original hydraulic 

transmission system, that is, the valve is added between the 

hydraulic fixed displacement pump and the hydraulic 

variable displacement motor. And a feedback linearization 

method is adopted to realize coordinated control of the 

valve and the motor displacement (swash plate angle). This 

method is required to achieve quasi-synchronous 

grid-connected control of the HWT, in the presence of 

random disturbances at the wind turbine input and the 

motor load output. 

The contents of this paper are organized as follows. 

Section II describes the composition of HWT as well as 

section III presents the corresponding mathematical models. 

Section IV shows the proposed controller design process, 

which consists of bivariate control based on the feedback 

linearization. Section V presents the experimental results 

plus the corresponding analysis. Some conclusions are 

given in Section VI. Through the research of this paper, the 

practical popularization of the HWT is planned to be 

realized. 

II DESCRIPTION OF THE HWT 

The hydraulic wind turbine is composed of a rotor, a 

fixed displacement hydraulic pump, a variable 

displacement hydraulic motor and a synchronous generator. 

An inverter for frequency conversion is not required. The 

rotor and the pump are coaxially connected, and the pump 

supplies high pressure oil to the motor, so the fluctuation of 

the wind speed tends to affect the motor speed [19-20]. The 

motor and the generator are also coaxially connected, and 

changing the motor displacement can control the motor and 

generator speed. When the synchronous generator is stable 

within the required speed range for the grid, it can be 

connected to the grid for power generation. A schematic 

diagram of the HWT is shown in Fig.1. 
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Fig.1. Schematic of the HWT 

In order to satisfy the power quality requirements, the 

synchronous generator frequency should be consistent with 

the power grid, e.g. in China, the national power grid 

frequency is 50 ±0.2 Hz, which gives a required 1500 ±

6 r/min to the generator and hydraulic motor.  

To achieve this target, the control method described in 

this paper aims to improve the performance of the main 

transmission system of HWT. A proportional flow control 

valve is added between the pump and the motor, which 

gives a degree of isolation from the influence of the wind 

speed fluctuation on the motor speed.  

Before the HWT is connected to the grid, the output 

torque of the motor is close to zero, and the rotor is allowed 

to accelerate freely due to the low load pressure. The load 

change of the synchronous generator is abrupt when the 

grid is connected, so it is difficult to control the motor 

speed stable to be within the required speed range. 

Commented [AP1]: ??? do you mean “but the system does 

not always adjust to connect to…” 



The control method introduced in this paper uses 

feedback linearization to realize the linear correspondence 

between the desired output and the control input, and 

indirectly controls the rotor speed, which makes the system 

flow relatively stable. The motor inlet pressure is controlled 

by the motor displacement, and the motor speed is kept 

stable under the sudden change of the synchronous 

generator load. By controlling the flow control valve 

voltage signal and the motor swash plate angle, the system 

is intended to achieve precise speed control at any wind 

speed, and the system can be smoothly connected to the 

grid under all conditions. 

III THE MATHEMATICAL MODEL OF THE HWT 

3.1 Rotor aerodynamic model 

The power captured and aerodynamic torque developed 

by the turbine rotor are given by [21]: 
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where, Pr is the wind power captured by the rotor. ρ is the 

air density. R is the rotor radius. v is the effective average 

wind speed. Cp(λ,β) is the wind energy utilization 

coefficient. λ is the tip speed ratio, λ=Rωr/v. β is the pitch 

angle. Tr is the rotor aerodynamic torque, and ωr is the rotor 

speed.  

The wind energy utilization coefficient is given by [22]: 
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where, C1, C2, C3, C4, and C5 are the rotor parameters 

which are determined by manufacturing data. 

Because the rotor is coaxially connected to the pump, i.e. 

ωr=ωp, thus 
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where, ωp is the pump speed, and Tv(ωp ,v) characterizes the 

rotor torque as a function of pump speed. 

3.2 Hydraulic transmission system model 

The pump shaft torque is related to the pressure 

developed by: 

 
1

,

p h

p

mech p

D p
T


=  (6) 

where, Dp is the hydraulic pump displacement. ph1 is the 

pressure difference between the pump suction and 

discharge lines. ηmech,p is the pump mechanical efficiency, 

which is assumed to be unity. 

The difference between the rotor and pump torque 

accelerates their combined inertia, and overcomes viscous 

friction: 
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where, Jp is the moment of inertia of the rotor and pump, 

and Bp is the pump damping coefficient. 

Pump volume flow rate and speed are related by: 

 1 1p p p t hQ D C p= −  (8) 

where, Qp is the pump flow rate, and Ct1 is the pump 

leakage coefficient. 

From the equations (6)-(8), the state equation of the 

hydraulic pump speed can be expressed as 
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Similarly, the motor output torque is related to pressure 

by: 

 2 , 2 ,m m h mech m m h mech mT D p K p  = =  (10) 

where, Tm is the torque generated by the motor. Dm is the 

motor displacement, =m mD K  . 2hp  is the pressure 

difference between motor inlet and outlet. ηmech,m is the 

mechanical efficiency of the motor, which is assumed to be 

unity. Km is the motor maximum displacement.   is 

non-dimensional displacement fraction, ranging from 0 to 

1. 

The difference between the motor and generator torque 

accelerates the motor inertia, and overcomes the viscous 

friction: 
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where, TL is the motor load torque. Jm is the moment of 

inertia of the motor. ωm is the motor speed. Bm is the motor 

damping coefficient.  

And the motor volume flow rate and speed are related by: 

 2 2m m m t hQ D C p= +  (12) 

where, Qm is the motor flow rate, and Ct2 is the motor 

leakage coefficient. 

From the equations (10)-(12), the state equation of the 



motor speed is: 

 ( )2 ,
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 The flow through the proportional flow control valve is: 

 bl EQ KU=  (14) 

where, K is the proportional coefficient, and UE is the 

voltage signal. 

The oil flows between pump and motor inside a hose, and 

the general equation for the additional flow caused by oil 

compressibility and hose compliance is: 
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where, Qc is the flow rate caused by the oil compression. V 

is the pressure-affected oil volume. βe is the effective oil 

bulk modulus including a correction for hose expansion. ph 

is the oil pressure in the high pressure line hose. 

The proportional flow control valve divides the high 

pressure line into two parts, one is the pump to the flow 

control valve, with volume V1, and the other part is the flow 

control valve to the motor, with volume V2. 

The compressibility flow between the pump and the flow 

control valve is given by: 

 1 1 1c p bl p p t h EQ Q Q D C p KU= − = − −  (16) 

The compressibility flow between the flow control valve 

and the motor is: 

 2 2 2c bl m E m m t hQ Q Q KU D C p= − = − −  (17) 

To establish the state space model of the main 

transmission system for the HWT, the following 

assumptions need to be made: 

(1) The pressure in the low pressure line is held constant 

by the charge pump and its associated relief valve. 

(2) The leakage coefficient, the viscous damping 

coefficient and the bulk modulus of the oil are the fixed 

values, which do not change with temperature or other 

factors.  

(3) The pressure loss in the hydraulic lines is ignored. 

The system state space model without grid connection 

dynamics is obtained, through combining the equations (9), 

(13)-(17). 
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The state variables and control inputs are selected as 

follows: 1 px = , 2 1hx p= , 3 2hx p= , 4 mx = , 1= Eu U , 

and 2u = . 

So the system state space model can also be expressed as: 
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The system is organized into affine nonlinear form 

( ) ( )= +x f x g x u , where 
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and the two columns of ( )g x are: 
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IV THE BIVARIATE CONTROL BASED ON 

FEEDBACK LINEARIZATION 

4.1 Determination of the system output 

In order to realize the control scheme, the output power of 

the pump and the motor inlet pressure are selected as the 

outputs. Thus 
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4.2 The relative order of the system 

From the equations (20) and (21), according the relevant 

definition of the Lie derivative [22], the relative order is: 
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This gives the relative order of the system as σ={1,1}, 

that is, the relative order σ<4, thus the system cannot be 

completely linearized. Therefore, input - output 

linearization and the zero dynamic design method are 

adopted to determine the controller for the system [23].  

In the process of zero dynamic design, the system 

dynamic behavior can be divided into the external 

dynamics and internal dynamics. The external dynamics are 

not only required to be stable but also have tracking 

performance and reject disturbance. The internal dynamics 

are only required to be stable. 

4.3 Zero dynamic controller design  

The two zero dynamics selected in this paper are η3(x)=x1 

and η4(x)=x4, the pump speed and the motor speed 

respectively, which are considered as the internal dynamics. 

First, a coordinate transformation of the system gives 
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Therefore, the Jacobian matrix of the vector function   

φ(x)=[z1(x)  z2(x)  z3(x)  z4(x)]T at x=x0 is: 
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This is a non-singular at x=x0, so the coordinate 

transformation is valid. 

And then the inverse mapping of z=φ(x) is x=φ-1(z). 

Therefore, the x can be expressed as a function of z, as 

follows:  
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The final expression of the system in z coordinates can be 

obtained from the equations (19) and (26). 
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The system output in the z coordinate system is: 
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The external states, which are the pump outlet power and 

motor inlet pressure, are close to zero and in a stable state，

that is, 1 2 0z z= = , 1 2 0z z= = . At this point, the equation 

(27) can be expressed as: 
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That is, when the external states are close to zero, the 

internal state stability is related to the external load of the 

pump and motor, and it is irrelevant to 1u  and 2u , but all 

are asymptotically stable. Therefore, the system has zero 

dynamic stability and can be solved by the controller[24]. 

After the coordinate transformation and the zero dynamic 

design of the system, the feedback controller can be 

designed. The specific method is to linearize the system in 

the coordinate system and construct a pseudo-linear system. 

Under the pseudo-linear system, the output and the control 

input of the system are linearly related. 

First, the desired control input is constructed as 1 1z f=  

and 2 2z f= . At this point, the output of the system and the 

two artificially constructed inputs 1f  and 2f , are linearly 



dependent. The constructed input are as follows: 
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Thus, the valve and motor control inputs can be expressed 

in terms of f1 and f2: 
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 (30) 

4.4 Output reference design 

At this point, the system output and the inputs 1f  and 

2f  are already linearly dependent. It is necessary to find 

the relationship between the pump output power and 

motor inlet pressure and pump speed and motor speed, 

so as to achieve the purpose of controlling the rotor 

speed and motor speed. 

The pump output power is intended to be controlled so 

that the pump (and rotor) can reach the optimal 

rotational speed at any wind speed. The system is 

expected to carry out tracking control, and the reference 

value is set as: 

 
3 3

1 1d P p Py K K x= =  (31) 

where, KP is power coefficient. 

The motor inlet pressure is controlled to ensure the motor 

speed is stable at 1500 r/min. The specific method is to 

construct the kinetic energy function of the motor, and the 

referenced pressure is determined by the stability of a 

Lyapunov energy function. 

The kinetic energy of the motor is: 

 21

2
m mE J =  (32) 

where, E is the motor kinetic energy. 

The Lyapunov energy function is: 

 
2

2m m m m h m m L mE B p D T    = = − + −  (33) 

and the desired value of the motor inlet pressure is: 

 2 2 = m md L

d h d

m

B T
y p

D

 +
=  (34) 

where, 
md  is the required motor speed, and 

2h dp  is the 

desired value of the motor inlet pressure. 

When the desired value of the inlet pressure is y2d, the 

control system has the following characteristics. If the 

hydraulic motor speed satisfies the inequation of m md  ,  

the motor inlet pressure will satisfy the inequation of 

2

m m L

h

m

B T
p

D

 +
 , that is, 0E  , the motor accelerates. 

When the hydraulic motor speed reaches the required 

power-frequency speed, the motor inlet pressure will satisfy 

the function 2 = m m L

h

m

B T
p

D

 +
, the motor stops to 

accelerate, and the motor speed is stable within the required 

speed range. Similarly, if the motor speed satisfies the 

inequation of m md  , the motor inlet pressure will 

satisfy the inequation 2

m m L

h

m

B T
p

D

 +
 , that is, 0E  , 

and the motor decelerates. Therefore, taking the motor 

pressure as the control output, the system is asymptotically 

stable at the required power-frequency speed. 

4.5 Controller design 

In the control of the grid-connected speed, theoretically, 

the system is linearized precisely by feedback. However, in 

reality, there will exist tracking errors due to model 

parameters. The closed loop PI control is used to reduce the 

tracking error.  

The tracking error is defined as: 

 de y y= −  (35) 

And the new control input[25] is: 

 
1 1 11 1 12 1

2 2 21 2 22 2

dt

dt

d

d

f y k e k e

f y k e k e

= + +

= + +




 (36) 

In equation (36), the values of 11k 、 12k 、 21k  and 22k  are 

turned according to the control requirements. 

The final controller is given by equations (30) and (35). 

The controller expressed in terms of physical variables is: 
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 (37) 

According to the equation (37), the system states and 

constructed control inputs are combined linearly to form 

the control signal for the flow control valve voltage and 



motor displacement. Through the real-time detection of 

system states, the calculated control signals are sent to the 

system to realize the grid-connected speed control. 

V THE SIMULATION AND EXPERIMENTAL 

VERIFICATION 

5.1 The simulation verification of control law 

On the basis of the above controller, the mathematical 

simulation model is established in Matlab®/Simulink® to 

verify whether the controller can meet the control 

requirements.  

The coefficients in the utilization factor used in 

equation (3) are shown in Table 1. The other HWT 

parameters are shown in Table 2. The simulation model 

for the turbine, hydraulics and controller is shown in 

Fig.2. 

Table 1 Coefficients of wind energy utilization factor 

C1 C2 C3 C4 C5 C6 

0.5176 116 0.4 5 21 0.0068 

Table 2 Simulation parameters 

Symbol Quantity Numerical value 

Pr Rated power 24 kW 

v Rated wind speed 13 m/s 

R Rotor radius 3.74 m 

Cpmax(λ,β) Maximum utilization coefficient of wind energy 0.4496 

λmax Optimum tip speed ratio 22.77 

Bp  Pump damping coefficient  0.40 (Nms rad)  

Dp Pump displacement  1×10-5 (m3/rad) 

Jp Moment of inertia for the wind turbine and the pump 400 3(kg m )  

Km  Motor displacement gradient  5.366×10-6 (m3/rad)  

Bm Motor damping coefficient  0.03 (Nms/rad)  

Jm Moment of inertia for the motor 0.46 (kg/m3)  

βe  Oil volume elastic modulus 743×106 Pa 

Ct Leakage coefficient  6.28×1012 (m3/(sPa))  

V  High pressure line volume 2.8×10-3 m3 
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Fig.2 Motor speed controlled simulation model 
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Fig.3. The response characteristics with step change in wind speed 

at 10s. 
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a) Pump speed b) Pump outlet pressure 
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c) Motor speed 
d) Motor speed (close up view at 

step time) 
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Fig. 4. The response characteristics with a step load disturbance and 

step change in wind speed at 10s 

Under the conditions of no motor load disturbance and a 

step change in wind speed from 8 m/s to 9 m/s at 10s, each 

state response is shown in Fig.3. With a step disturbance of 

the motor load, e.g. from 1Nm to 4Nm, and a step change 

in wind speed from 8 m/s to 9 m/s at 10s, each state 

response is shown in Fig.4. 

From the results of Figs.3 and 4, when there is only the 

step change in wind speed without other disturbances, the 

motor speed is perturbed by ±1 r/min. When the motor load 

and the wind speed step occur simultaneously, the motor 

speed is perturbed by ±4 r/min. In the control process, the 

rotor speed tracks the given value, while the high pressure 

between the pump and the flow control valve and the high 

pressure between the proportional flow valve and the 

hydraulic motor are increased. The flow control valve will 

consume part of the energy to ensure the system is in a 

stable state, and the heat produced during the regulation 

process is discharged by the hydraulic cooling system. 

Thus it is verified that the control strategy proposed in this 

paper can ensure the HWT remains synchronized with the 

grid during a step change in wind speed and motor load. 

Under the conditions of 8 ±0.5 m/s in wind speed and a 

step change of motor load disturbance, e.g. from 1 Nm to 4 

Nm, each state response is shown in Fig.5.  
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c) Motor speed 
d) Motor speed (close up view at 

step time) 
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Fig.5 The response characteristics with random wind speed and 

step change in load disturbance at 10s 

From the results of Fig.4 and 5, it can be seen that the 

HWT connects to the grid smoothly under different 

operating conditions. And after the generator connects to 

the grid, changing the pressure between the flow control 

valve and motor, the pressure can track the pressure 

between the pump and flow control valve. When the 

pressure of the two high-pressure lines are the same, the 

flow control valve is at its maximum opening, and the 

HWT will enter into the maximum power point tracking 

mode. 

5.2 Experimental verification of the control law 

In order to verify the control law validity, an 

experimental study is carried out based on a 24kW HWT 



experimental platform, which is shown in Fig.6. 

 

the fixed displacement 

pump

the wind turbine 

simulation system

the hydraulic variable 

displacement motor

the excitation 

synchronous generator

 

Fig.6 24 kW hydraulic wind turbine experimental platform

Under a step change in pump speed, the experimental 

curves of the motor speed and pressure are shown in Fig.7 

and 8. 
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Fig. 7 The pump speed at the step of 600 r/min - 700 r/min at 17s  
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Fig. 8 The pump speed at the step of 900 r/min - 800 r/min at 10s  

The motor speed is kept close to 1500 r/min, although not 

within the desired speed range. But the response trend is 

basically the same as with the simulation, and the system is 

asymptotically stable. 

The main factors leading to the low accuracy of the motor 

speed control are as follows. 

(1)The motor speed control accuracy depends on the 

torque sensor accuracy and the motor viscous damping 

coefficient, of which is not a constant due to the motor 

swing angle and actual rotation speed, plus the torque 

sensor accuracy is very low at small measurement range. 

(2)The motor speed control law contains the leakage 

coefficient, which is not a constant and closely relates to 

the system operating condition. 

(3)The pressure state is introduced into the motor speed 

control, which is very sensitive to higher order dynamics. 

5.3 Practical control law design  

Although there are many difficulties for practical 

implementation of the theoretical control law, it can 

provide a design direction. The engineering implementation 

of the theoretical control law is explored in this section. 

From the expression (30), the final motor speed control law 

is 
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Taking the pressure ph2 as the output, the desired output is 

 2 = m md L

h d

m

B T
p

D

 +
 (39) 

And the restructured control input is 

 
2 21 2 22 2f k e k e dt= +   (40) 

In order to solve the deficiencies of the theoretical control 

law, the control law will be simplified to meet the 

engineering requirements. 

The control law consists of the flow control valve flow, 

the system leakage flow, and the oil compression flow. The 

simplification process is carried out in the following three 

aspects. 

(1) The first is the leakage flow caused by the pressure. 

The experimental results show that the high-pressure line 

pressure is small before connection to the grid. Thus, if the 

system pressure value is not introduced in the control, that 

is, 
2 2t hC p C= , the system oscillation can be avoided. 



(2) The measured motor speed state is required in 

equation (38), but it introduces sensor noise. The motor 

speed control target is a constant, and so the measured 

speed is replaced by a fixed value to improve the control 

accuracy. 

(3) The third one is the hydraulic oil compression flow 

rate caused by the change of pressure. The pressure 

deviation is obtained by the motor torque balance equation, 

so it is difficult to get the accurate value. Therefore, the 

accuracy of the control system is very low. In the actual 

control, the measured pressure deviation is introduced into 

the controller.  

Therefore, the practical simplified control law is 

 
( )1 leak 1 2
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dtp p
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Ku C k k
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 
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− −  +  
=  (41) 

The experimental results to validate the simplified control 

law are shown in Figs.9, 10, 11 and 12. Different step 

changes in pump speed are given, e.g. from 460 r/min to 

480 r/min at 1s, 560 r/min to 550 r/min at 2s, 800 r/min to 

810 r/min at 3s and 810 r/min to 800 r/min at 1s, and the 

corresponding motor speed is measured accordingly. 
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Fig.9 Step change in demand pPump speed of 460 r/min - 480 r/min at 1s 
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Fig.10 Step change in demand pumpPump speed of 560 r/min - 550 r/min at 2s 
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Fig.11 Step change in demand pumpPump speed of 800 r/min - 810 r/min at 3s 
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Fig.12 Step change in demand pumpPump speed of 810 r/min - 800 r/min at 1s 

From the comparison between Fig.9 and 11, as well as, 

Fig.10 and 12, the higher the pump speed is, the smaller the 

motor speed fluctuation will be. Vice versa for low pump 

speed. The reason is when the pump is operating at low 

speed, the system leakage is large, the difference between 

the constant flow benchmark and the required value is 

significant, and the system tends to oscillate easilybe 

lightly damped. 

Comparinge Fig.9 and 10, as well as, Fig.11 and 12, with 

a rising step change in pump speed, the motor speed 

fluctuation is larger, but one is smaller with a decreasing 

step, which is mainly due to the system leakage is not 

following the changing trend of the flow. 

  AdditionallyTo summarise, with different step changes 

in rotor -pump speed, the motor-generator speed is 

stabilized at the power -frequency speed with high 

precision. In the process of thFore grid connection speed 

control,  thea flow control valve and the proposed control 

method is used tocan ensure the output flowgenerator speed 

is relatively stableconstant. 

VI CONCLUSION 

In order to develop the controller for HWTs, a state space 

model before grid connection is established, and a bivariate 

control method is proposed, which adjusts a flow control 

valve and the motor displacement. The flow control valve 

controls the HWT output power and indirectly controls the 

motor speed, and the motor swing angle (i.e. displacement) 

controls the motor inlet pressure. Based on this theoretical 

control method, experimental results show that the motor 

speed is stable at 1500 ± 20 r/min with wind speed 

fluctuation and motor load disturbance, but it does not 

satisfy the accuracy requirements for the speed control to 

synchronize with the grid frequency. Thus, the factors 

affecting the accuracy of control law are analyzed, and 

combined with practical requirements, and hence the 

control law is simplified. Finally, using the simplified 

control law, when the input flow rate changes in a small 

range, the motor speed is stable at 1500 ± 6 r/min, and 

Commented [AP2]: Change ‘given’ to ‘demand’ and 

‘collected’ to ‘measured’ in the legends of these 4 figures 

Commented [AP3]: From figures 9-12, this is not true.  In 

fact the transient response looks worse than Fig 7/8, given 

that the speed change is much bigger (but the steady state 

accuracy is better).  Ideally, you would show the 

experimental results for the two versions of the controller 

under the same conditions with the same variables plotted 

so they can be directly compared. 



meanwhile the control method establishes a theoretical 

basis for the HWT low voltage ride through control. Note 

that in the results presented here, the generator and motor 

are lightly loaded, and so to moderate the speed of the rotor 

and pump there is significant power loss through the flow 

control valve; this would not be the case with greater 

generator output and hence motor load. The research 

provides a very promising control method which enables 

wider use of HWT’s in the future, addressing the reliability 

issues associated with conventional designs incorporating 

mechanical gearboxes. 
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