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Abstract: The doubly-fed variable-speed pumped storage (DFVSPS) is an effective method to balance
the fluctuation of renewable energy generation and is an important means of frequency and voltage
regulation of a power grid. Firstly, this paper introduces the structure and mathematical model of
the DFVSPS unit. Secondly, the control methods of each switching stage in generating mode and
pump mode are proposed, and the simulation study of each stage of DFVSPS switching process is
carried out by MATLAB/Simulink. Thirdly, when studying the regulating effect of DFVSPS unit in
the power system, due to the high switching frequency of converter in the electromagnetic transient
model, the simulation speed is very slow and the data volume is large, so the model of DFVSPS
unit needs to be simplified. By analyzing the dynamic behavior of the pumped storage power
station, the mathematical model of output power of the DFVSPS unit is established, which includes
start-up stage, load ramping stage, stable operation stage, load rejection stage and shutdown stage
of generating mode and pump mode. Finally, the simplified model of DFVSPS unit is applied to a
simple power system to verify its regulating effect on grid power.
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1. Introduction

Power balance is the foundation of stable operation of a power system, and the frequency and
voltage of a power system must be maintained within a certain range to maintain the balance of active
power and reactive power. However, with the increase in the proportion of a large-capacity rigid
power supply such as nuclear power, and the large-scale development of renewable energy generation,
the power balance of a power system is confronted with great challenges [1,2]. The power balance of a
power system can be realized through the power absorption and emission of an energy storage system,
which is an important way to keep the system running smoothly [3].

A pumped storage power station is an important method of energy storage. It has functions such
as peak load shifting, frequency modulation and accident standby [4]. Compared with traditional
fixed-speed pumped storage unit, the variable-speed pumped storage unit can adjust the speed
according to the change of the head under generating mode, which can improve its operating efficiency
and can adjust its power under pump mode, which has a wider range of adjustment, faster adjustment
speed and better adjustment effect [5,6]. Therefore, research on switching process and the dynamic
response of a pumped storage power station is significant for the power grid to rationally use the
functions of a pumped storage power station.

Currently, the research on the transition process of DFVSPS unit mainly focuses on the performance
research of the pump turbine system when the unit is in a bad working condition, such as the sudden
power failure of the pump mode and the 100% load rejection of generating mode. The main purpose
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of these studies is to improve the operating performance of units during tough conditions. As shown
in Ref. [7], transient characteristics during the closure of guide vanes in a pump-turbine in pump mode
were studied. In Refs. [8,9], the S-shaped region of pump turbine was analyzed. Flow characteristics of
the transient power interruption process of a prototype pump-turbine at pump mode were studied in
Ref. [10], and flow analysis of pump turbine in load rejection was mentioned in Ref. [11]. However,
these studies are only focused on the unit itself and do not take into account the requirements of the
power system on the unit’s operational performance.

For the application research of the DFVSPS unit in the power system, the current research is mainly
on the combined operation of pumped storage system and photovoltaic, wind power, etc., to reduce
the fluctuation of wind power and photovoltaic output. There is also literature on the power output
characteristics of DFVSPS units in the stable operation stage. In Ref. [12], the coordinated control of
wind turbine and pumped storage unit were studied, and pumped storage unit and photovoltaic power
generation system in Refs. [13–15] carried out modelling and static analysis on the stable operation
stage of DFVSPS unit. Ref. [16] reviewed the converters used in DFVSPS units. However, the above
literature only shows that the DFVSPS units have the compensation ability for power fluctuations,
but the compensation range and compensation speed are not studied.

Therefore, it is of great significance for DFVSPS units to exert their advantages, suppress the
fluctuation of output and enhance the reliability of the power system to research the influence of
the DFVSPS units on the power system in the transition process, study the compensation range and
compensation speed of the DFVSPS units for power fluctuation, and established a power output model
based on unit parameters and control parameters of DFVSPS units.

In the second part of the paper, the mathematical model of each part of the DFVSPS unit is
established. The control methods of start-up stage, load ramping stage, stable operation stage, load
rejection stage and shutdown on generating mode and pump mode of DFVSPS unit are analyzed in
the third part of the paper, and each stage is simulated in MATLAB/Simulink; the converter switching
frequency is up to 2–10 kHz, and there will be problems such as slow simulation speed and large
amount of data. Therefore, in the fourth section of this paper, the power output model of the DFVSPS
unit to the grid is simplified, and the simulation effect and simulation time are compared with the
electromagnetic transient model. Finally, the simplified power model is applied to a three-machine
system to verify the correctness of the conclusion.

2. The Composition and Mathematical Model of Doubly-Fed Variable-Speed Pumped
Storage Units

The doubly-fed variable speed pumped storage unit is composed of reversible pump turbine,
doubly-fed induction motor (DFIM), converter and control part. The pump turbine provides or
consumes power as a prime mover or load. The stator of DFIM is the same as that of a traditional
salient-pole synchronous motor. The rotor has symmetrical three-phase windings, which are connected
to the grid through the converter to exchange power with the grid. The amplitude, frequency and
phase of the voltage or current output by the converter are controlled by an excitation regulator. The
structure diagram of the DFVSPS is shown in Figure 1.Appl. Sci. 2019, 9, x FOR PEER REVIEW 3 of 28 
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Figure 2. Schematic diagram of pump turbine regulating system. 

n is the speed of DFVSPS unit; nref is the speed reference of DFVSPS unit; Tm is mechanical torque; 
Te is electromagnetic torque. 

The mainstream proportion integration differentiation (PID) governor is adopted in the 
governor part. The PID governor has the advantages of being easy to use, strong stability and good 
robustness, and can be adjusted according to the deviation between the given reference value and the 
actual value. The function of the electro-hydraulic servo system is to convert the electrical signal of 
the governor into a mechanical signal for output, thereby controlling the guide vane opening. When 
an ac servo motor/electro-hydraulic actuator is used in the electro-hydraulic servo system, shown in 
Figure 3, in order to simplify the model for the convenience of research, the nonlinear links such as 
saturation limiting of a servomotor, dead zone and gap nonlinearity are ignored, and the linear 
transfer function can be simplified into the form shown in Formula (1). 
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GSC is grid side converter; MSC is machine side converter; Pm is the mechanical power; Ps, Qs are
the active power and reactive power of DFIG stator side, respectively; Pr, Qr are the active power and
reactive power of the DFIG rotor side, respectively; Pc, Qc are the active power and reactive power
of the grid flow to the converter, respectively; Pg, Qg are the active power and reactive power of the
DFVSPS unit flow to the grid, respectively; Udc is the direct current bus voltage of converter.

2.1. Mathematical Model of the Reversible Pump-Turbine

When the output power of DFVSPS unit is continuously adjusted, the speed of the unit will
fluctuate constantly. Therefore, the regulating system is required to make the pump turbine adapt
to the fluctuations of output power and adjust the speed to stabilize near the speed reference. The
pump turbine regulating system is mainly comprised of a governor, electro-hydraulic servo system,
DFIM, pump turbine and water diversion system, and the connection diagram of each part is shown in
Figure 2.
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n is the speed of DFVSPS unit; nref is the speed reference of DFVSPS unit; Tm is mechanical torque;
Te is electromagnetic torque.

The mainstream proportion integration differentiation (PID) governor is adopted in the governor
part. The PID governor has the advantages of being easy to use, strong stability and good robustness,
and can be adjusted according to the deviation between the given reference value and the actual value.
The function of the electro-hydraulic servo system is to convert the electrical signal of the governor
into a mechanical signal for output, thereby controlling the guide vane opening. When an ac servo
motor/electro-hydraulic actuator is used in the electro-hydraulic servo system, shown in Figure 3,
in order to simplify the model for the convenience of research, the nonlinear links such as saturation
limiting of a servomotor, dead zone and gap nonlinearity are ignored, and the linear transfer function
can be simplified into the form shown in Formula (1).
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Where: ypid is the output guide vane opening of governor; y is the output guide vane opening
of servo system; y1 is the output guide vane opening of AC servo mechanism. There is a dead zone
of governor output and a saturation limiting of main servomotor. Ty1 is the AC servo mechanism
response time constant; Ty is the main servomotor time constant:

y(s)
ypid(s)

=
1

Tys(Ty1s + 1) + 1
. (1)
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The rigid water hammer model is adopted for a water traced pipeline, and the dynamic equation
of the water traced pipeline can be expressed by Formula (2):

H(s)
Q(s)

= −Tws, (2)

where: H is the head of pump turbine; Q is the water flow of pump turbine; Tw is water flow inertia
time constant.

The structure of the pump turbine is complex, the operating conditions change frequently during
the operation, the internal flow field is complex, and it is affected by the effects of water hammer, water
guiding mechanism and cavitation erosion, etc. For the internal characteristics of the pump turbine,
many internal fluid factors need to be considered, so it is difficult to get a mathematical model consistent
with the actual situation. The pump turbine model is generally expressed quantitatively through a
model test. The model test is to carry out the simulation test on the experimental table according to
the actual possible various conditions (including the switching process), and record the relevant data
to form the full characteristic curve. The full characteristic curve contains all features of the pump
turbine during the operation process. Using the full characteristic curve to study the switching process
of pump turbine is now a common method. The full-characteristic curve of pump-turbine obtained by
the model test method is shown in Figure 4.
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In Figure 4, the red line indicates the path of the pump turbine switching process, and numbers in
Figure 4 indicate the various stages of the switching process. The details will be described later.

The mechanical torque Tm of the pump turbine and the flow Q are related to the guide vane
opening y, head H, and the rotational speed n, and the relationship between them can be expressed by
Formula (3): {

Tm = Tm(y, H, n)
Q = Q(y, H, n)

. (3)

Different pump turbine models can be obtained by analyzing Equation (3) with different methods.
In order to simplify the calculation, the pump turbine model is divided into two parts: the turbine
operating condition model and the pump operating condition model.

The characteristic curve of pump turbine during its turbine operating condition is similar to the
conventional turbine in the low speed region [17], as shown in Figure 5. Since the transition process
in this paper is the transition process during the normal operation of the unit, all in the low speed
region, so the model of the conventional turbine can be used to replace the model of pump turbine
under turbine operating conditions.
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The conventional turbine mathematical model commonly used at present is a simplified nonlinear
model, which has a simple structure and can better reflect the fluid characteristics inside the turbine [18].
This model is proposed by IEEE [19] and the nonlinear turbine model can be expressed as Formula (4)
in case of the loss of water head is ignored:{

q = Aty
√

h
Pm = (q− qnl)h

, (4)

where: q is the flow; y is the ideal guide vane opening; h is the head; At = 1/(yFL − yNL), yFL is an ideal
guide vane opening; yNL is the no-load guide vane opening; Pm is the mechanical power; qnl is the
no-load flow. Each variable in the model of pump turbine is represented by the per unit value (taking
the rated value of the unit as the base value). When connected with DFIM, the output of pump turbine
needs to be converted to an actual value.

The block diagram of this model using the rigid water hammer in Formula (2) is shown in Figure 6.
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Where G is the actual guide vane opening and hs is the static head of water.
The mathematical model of the pump turbine under pump condition is: according to the full

characteristic curve of the pump turbine in the positive pump area, it can be found that, when the guide
vane opening is small, the guide vane opening can regulate the flow of a pump turbine. However,
after the guide vane opening becomes larger, the flow curves corresponding to different guide vane
opening coincide with each other. Therefore, in the area of large guide vane opening, the guide vane
opening has no obvious adjustment effect on the flow. At this time, there is an obvious regulating
relationship between the speed and the flow of the unit. Therefore, the model of the pump turbine
under pump mode can be divided into two parts: the pump mode model in small guide vane opening
and the pump mode model in large guide vane opening. According to the relevant literature [20,21],
different pump turbine, different guide vane opening of the characteristics curves start to coincide
seriously. In general, the DFVSPS unit enters the stable operation stage when the guide vane opening
is about 50% under start-up stage in pump mode.

Pump mode model under small guide vane opening is consistent with turbine operation mode,
except that the direction of water flow is opposite to the turbine operation mode. When the pump
turbine operates at small guide vane opening in pump mode, and the head loss increases sharply,
which will have a great impact on the torque and flow of the pump turbine. Therefore, the head loss



Appl. Sci. 2019, 9, 3368 6 of 26

caused by the change of guide vane opening needs to be taken into account at this time. The pump
mode model under small guide vane opening is shown in Figure 7.
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2.2. Model of DFIM

For the convenience of analysis and control, the model of DFIM in three static coordinate systems
is transformed into the model of two-phase rotating coordinate system by using the constant amplitude
transformation. In addition, the nonlinear strongly coupled system is converted into linear decoupling
system [23–25].

Voltage equation 
usd = Rsisd + pΨsd −ωsΨsq

usq = Rsisq + pΨsq +ωsΨsd
urd = Rrird + pΨrd − sωsΨrq

urq = Rrirq + pΨrq + sωsΨrd

(6)

where usd, usq, urd and urq are the d, q-axis voltage of stator and rotor; isd, isq, ird and irq are the d, q-axis
current of stator and rotor; ψsd, ψsq, ψrd and ψrq are the d, q-axis flux linkage of stator and rotor; Rs, Rr

are the resistance of stator and rotor; p is Laplace operator;ωs is synchronous speed of DFIM; s is the
slip of DFIM.

Flux equation 
Ψsd = Lsisd + Lmird
Ψsq = Lsisq + Lmirq

Ψrd = Lmisd + Lrird
Ψrq = Lmisq + Lrirq

, (7)

where Ls, Lr are the inductance of stator and rotor; Lm is the mutual inductance.
Electromagnetic torque equation

Te =
3
2

pnLm(isqird − isdirq), (8)

where pn is the number of poles.
Motion equation

J
pn

dωm

dt
= Te − Tm − Bmωm, (9)

where ωm is speed of DFIM; J is rotational inertia of DFIM; Bm is friction coefficient of DFIM.
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For the convenience of analysis and control, voltage oriented vector control strategy is adopted,
and then: {

usd = Us

usq = 0
, (10)

where Us is effective value of grid voltage.
When the influence of resistance and the dynamic change process of flux on the transition process

is ignored, the relationship between the quantities is derived, and: Ps =
3
2 (usqisq + usdisd) = −

3
2

LmUs
Ls

ird

Qs =
3
2 (usqisd − usdisq) =

3
2 Us[

Us
Lsωs

+ Lm
Ls

irq]
, (11)

Te =
3
2

pnLm(isqird − isdirq) = −
3
2

pnUsLm

Lsωs
ird. (12)

Decoupling control of active power and reactive power of DFIM is realized.
The values of the parameters of DFIM in this paper are shown in Table 1.

Table 1. Parameters of DFIM.

Parameters Value Parameters Value

rated power 300 MW stator resistance Rs 0.00103 Ω
frequency 50 Hz rotor resistance Rr 0.00065 Ω

rated voltage 18 kV stator inductance Ls 0.000194 H
inertia J 4,000,000 kg·m2 rotor inductance Lr 0.000267 H

pole pairs p 12 mutual inductance Lr 0.00567 H

3. Control Method and Control Characteristics of the Switching Process of the DFVSPS Unit

Generally speaking, pumped storage power stations have static standby mode, generating mode,
pump mode, and synchronous condenser operation. The common switching process is the switching
between static standby mode, generating mode and pump mode. The conventional switching process
consists of start-up, load ramping, stable operation, load rejection and orderly shutdown [26]. The
expression of main switching process path in the full characteristic curve is shown in Figure 4—in
which, is the path of the start-up stage in generating mode; is the path of the load ramping stage in
generating mode; is the path of the stable operation stage in generating mode and is the path of the
load rejection stage in generating mode. is the path of the start-up stage in pump mode; is the path of
the load ramping stage in pump mode; is the path of the stable operation stage in pump mode and is
the path of the load rejection stage in pump mode.

3.1. Generating Mode

The switching process of generating mode can be divided into start-up, load ramping, stable
operation, load rejection, orderly shutdown and other stages. From the switching process in the
full characteristic curve, the start-up is mainly to load the unit speed to the synchronous speed and
complete voltage regulation and grid connection. In the stage of load ramping, the output power of the
unit is increased from no-load power to full power by adjusting guide vane opening. Stable operation
stage refers to the high efficiency operation of the unit near the rated operating point. The load rejection
stage is mainly to regulate the unit from full power to no-load power by adjusting guide vane opening.
Orderly shutdown refers to the stage when the unit is disconnected from the power grid, the unit
speed drops to 0, and the unit turns to static standby. The control method is described in stages.
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3.1.1. Start-Up in Generating Mode

There are two ways to start a DFVSPS unit in generating mode. The following is illustrated by
combining the motion equation of DFIM shown in Formula (9).

Method 1: Start-up using mechanical torque. At this time, the rotor side of DFIM in not controlled,
and the stator side of DFIM is short-circuited by three phases, so Te = 0. Open the guide vane opening
and start using the mechanical torque of pump turbine. Regarding the setting of the guide vane
opening at the time of start-up, one method is to set the guide vane opening to the no-load guide vane
opening (about 5% or so) until the unit is accelerated to the rated speed and then connected to the grid.
Another method is to first open the guide vane opening to a larger guide vane opening to shorten the
start-up time of the unit, and then reduce the guide vane opening to the no-load guide vane opening
after the speed reaches a certain set value. In addition, connect to the grid until the speed reaches the
rated speed.

Method 2: Start-up using electromagnetic torque. At this time, the stator of DFIM is short-circuited
in three phases. Electromagnetic torque is generated by the excitation control system on the rotor side
of DFIM. After the unit accelerated to the rated speed, the control strategy of the excitation control
system is changed for grid connection.

Method one is used to start the unit in this paper. The rotor side of DFIM is not controlled, the
stator side of DFIM is short circuited in three phases, and the guide vane opening is opened to the
no-load guide vane opening, which is 6% until the speed rises to the rated speed. The simulation model
was established in MATLAB/Simulink (version, Manufacturer, City, US State abbrev, USA) (The values
of the parameters of DFIM in this paper are shown in Table 1 and other value of parameters used in
this paper are Tw = 0.5, Ty1 = 0.07, Ty = 1, hs = 1, qnl = 0, At = 1, Gmax = 1), start-up in generating mode
was simulated, and the following simulation waveform could be obtained (The positive direction of
each power is subject to the power in generating mode, as shown in Figure 1. The speed direction in
the generating mode is specified as positive direction of speed).

According to Figure 8, the guide vane opening and mechanical power of pump turbine remain
constant during the whole start-up stage. In addition, the speed of unit slowly increased to the
synchronous speed.
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Figure 8. Waveforms of start-up in generating mode. (a) guide vane opening; (b) mechanical power;
(c) speed.

3.1.2. Voltage Regulation and Grid Connection

After the DFVSPS unit started in generating mode and the speed reached the rated speed,
the voltage on the stator side of the DFIM needs to be adjusted to meet the grid-connected conditions.
When grid connection is performed, the magnitude, frequency, phase and phase sequence of the
voltage on the stator side of DFIM are required to be the same as the grid voltage [27].
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Before the grid connection, the stator side of DFIM is open, and the current on the stator side is
0. Thus, isd = 0, isq = 0, Te = 0. Substituting this constraint relationship into the stator and rotor flux
equation and the voltage equation, Formula (13) can be obtained: Usd =

dψsd
dt −ω1ψsq = Lm

dird
dt −ω1Lmirq

Usq =
dψsq

dt +ω1ψsd = Lm
dirq
dt +ω1Lmird

. (13)

When grid voltage orientation is used and the stator resistance is ignored, Usd = Us, Usq = 0. Since
the dynamic performance of the stator side is not highly required during the grid-connecting process,
the dynamic process of the flux linkage is neglected, and the stator-side voltage equation can be further
simplified and the following relationship can be obtained: ird = 0

irq = −
Us
ω1Lm

. (14)

The above formula indicates that the voltage on the stator side of DFIM can be adjusted by
regulating the q-axis current to reach the grid-connected conditions. The simulation is performed in
MATLAB/Simulink, and the waveform is shown in Figure 9. The unit is connected to the grid at t =

90.4 s. In addition, it can be found that the voltage difference before the grid connection is very small.Appl. Sci. 2019, 9, x FOR PEER REVIEW 10 of 28 
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3.1.3. On-Grid Operation Stage

After grid connection, the DFVSPS unit is in the grid-connected operation state. There are two
control methods when the DFVSPS unit in the grid-connected operation stage, which are power priority
control strategy and speed priority control strategy. According to the research of related literatures,
the power priority control strategy has better control characteristics when realizing power control of
unit features, while the speed priority control strategy has an advantage in speed regulation. In the
research of this paper, the power of the unit should be controlled whether it is in the load ramping
stage, load rejection stage or the stable operation stage. Therefore, the power priority control strategy
is adopted. The overall control strategy diagram is shown in Figure 10.

The grid-side converter implements dc voltage control, the rotor-side converter realizes the control
of the power, and the guide vane opening control system of pump-turbine realizes the speed control
of the unit. Since these control strategies are common, this article will not repeat them. The control
process for each stage is shown as follows.

Load ramping stage and load rejection stage: According to the full characteristic curve of the
pump turbine, the speed of the unit in the load ramping stage and load rejection stage are maintained
near the synchronous speed, and the power of the unit is constantly adjusted. According to the control
strategy diagram and the DFIM model, the power and electromagnetic torque of the unit are controlled
by the d-axis current of the rotor. The constant adjustment of d-axis current will lead to constant
changes of unit speed. Since the purpose of the guide vane control system at this time is to maintain
the unit speed at the synchronous speed, the guide vane opening is continuously adjusted, changing
the flow and thus changing the output power of the pump turbine. In order to prevent a large change
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in speed when the power changes, a stepwise increase or decrease of the load is adopted, that is, the
load is increased or decreased by 30 MW every 5 s until the power reaches the target value.
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Stable operation stage: According to the full characteristic curve, the unit is running near the
rated operating point at this time. The output power can be adjusted according to the grid demand.
The speed can be adjusted continuously according to the change of the operating environment of the
unit to make the unit operate at the optimal efficiency.

Combined with the overall control strategy of the power priority control method and the
mathematical model of each part of the DFVSPS unit, a simulation model is established in
MATLAB/Simulink to simulate the control characteristics of the on-grid operation in the generating
mode. The parameters of the proportion integration (PI) regulator are obtained by trial and error, and
the waveform is shown in Figure 11 (Since this paper focuses on the tracking performance of low
frequency band of the control system, the PI controller is used).
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Figure 11. Simulation waveforms of unit in generating mode: (a) active power in load ramping stage;
(b) active power in stable operation stage; (c) active power in load rejection stage; (d) speed in stable
operation stage; (e) guide vane opening in stable operation stage; (f) actual dynamic responses for a
DFVSPS unit in stable operation.
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Figure 11 shows the simulation waveforms of the unit in the on-grid operation stage under
generating mode. The red line in Figure 11a–c is the reference value of unit active power and the black
line is the unit active power simulation waveform obtained by the electromagnetic transient simulation
model. Figure 11a shows the output power uploaded from the 30 MW to 240 MW. Figure 11b shows
the waveform of active power in the first stage of the stable operation stage, the output power of unit
increased 20 MW from 240 MW to 260 MW, followed by subtracting the 20 MW power; Figure 11c
shows the active power waveform in load rejection stage, the unit output power is reduced from
240 MW to 30 MW; Figure 11d shows the speed in the stable operation stage corresponding to the
active power adjustment in Figure 11b; Figure 11e shows the guide vane opening in this process;
Figure 11f shows actual dynamic responses for a DFVSPS unit in stable operation [28,29].

According to the description in the induction, there is more literature on the characteristics of
DFVSPS units in the stable operation stage; Figure 11f shows actual dynamic responses in stable
operation for a DFVSPS unit in Japan under generating mode. Comparing Figure 11b,d–f, it can be
found that the simulation waveforms in stable operation stage are similar to the actual responses in
stable operation, so the correctness of the simulation model in this paper can be proved. At the same
time, it can be found that the output power of the unit can be quickly tracked, and the unit speed
requires a long adjustment time due to the existence of the significant inertia.

3.1.4. Orderly Shutdown Stage

Disconnection: Disconnection means disconnecting the generator from the system on the electrical
circuit, and the instantaneous current is required to be zero. Since the DFIM is subjected to constant
power control before disconnection, the decoupling control requires changing the guide vane opening
to reduce the mechanical output of the pump turbine, and, on the other hand, the rotor current is
controlled by the rotor excitation system and gradually reduced to zero, so that the stator current of
DFIM is gradually changed to 0, and finally disconnected from the grid in the zero current state.

Shutdown: After the unit is disconnected from the grid, close the guide vane opening to 0. There
are two ways to shut down the unit: one is mechanical braking: the speed of the unit is reduced to 0 by
the friction existing in the unit itself, but, due to the large inertia of the rotating part, a long braking
time is required. Another is electric braking. When the voltage of the generator terminal is reduced to
the residual voltage and the unit speed is lower than 50% of the rated speed, the stator windings are
short-circuited and the excitation system re-injected to achieve the purpose of accelerating the unit
shutdown [30].

In the shutdown stage of this paper, the guide vane opening of the pump turbine is closed to 0.
First, the deceleration is performed for a period of time under the action of the DFIM’s own friction.
Then, the stator side of the DFIM is short-circuited, and the rotor-side converter is connected to the
excitation system, which accelerates the unit shutdown. The simulation waveforms are shown in
Figure 12.
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According to the speed waveform diagram, it can be found that the first 15 s rotor-side converter
is not excited. The speed of the unit is slowly reduced under the action of its own friction factor. After
the excitation control is applied after 15 s, the speed decreases rapidly until the speed drops to zero.

3.2. Pump Mode

When the DFVSPS unit is running under pump mode, the switching process can be divided into
start-up, load ramping, stable operation, load-rejection, and shutdown. The purpose of each stage
is the same as in the case of generating mode. Since the control methods of the voltage regulation
grid-connected stage and the shutdown stage are similar to those of the generating mode, the following
only introduces the control methods of the start-up stage and the on-grid operation stage.

3.2.1. Start-Up in Pump Mode

Start-up under pump mode requires other devices to start. Since the pump turbine needs to be
driven by a DFIM under pump mode, it cannot be started by mechanical torque. The starting methods
under pump mode include coaxial small motor starting, synchronous starting and asynchronous
starting and so on. In this paper, asynchronous starting is used. During start-up, the stator side of
the DFIM is short-circuited, and the starting control is added to the rotor-side converter to generate
electromagnetic torque and accelerate the unit. In addition, the starting process under pump mode is
simulated in MATLAB/Simulink, and the simulation waveform shown in Figure 13 is obtained.
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Figure 13. Speed waveform during start-up stage.

3.2.2. On-Grid Operation Stage

During on-grid operation stage, the unit also has the stages of load ramping, load rejection and
stable operation, which is consistent with the generating mode. The on-grid operation stage mainly
controls the input power of the grid to the unit; therefore, the power priority control method is also
adopted as shown in Figure 10. Compared with the generating mode, the main difference is that, in the
pump mode, the load ramping stage and load rejection stage occur in the small guide vane opening
part of the unit, and the stable operation stage is in the large guide vane opening part, so the model of
the pump turbine will be different. The control method of each stage is consistent with the generating
mode. The stepwise increase or decrease of the power is adopted in the load ramping stage and load
rejection stage, and the input power of the pump turbine can be adjusted in the stable operation stage.
The simulation model was established in MATLAB/Simulink and the simulation waveform is shown
in Figure 14.

Figure 14 shows the simulation waveforms of the unit in the on-grid operation stage under pump
mode. The red line in Figure 14a–c is the reference value of unit active power and the black line is
the unit active power simulation waveform obtained by the electromagnetic transient simulation
model. Figure 14a shows the output power uploaded from the 30 MW to 240 MW. Figure 14b shows
the waveform of active in first stage of the stable operation stage, the output power of unit increased
30 MW from 240 MW to 270 MW, followed by subtracting the 30 MW power; Figure 14c shows the
active power waveform in load rejection stage, the unit output power is reduced from 240 MW to
30 MW; Figure 14d shows the speed in the stable operation stage corresponding to the active power
adjustment in Figure 14b, and Figure 14e shows the guide vane opening in this process; Figure 14f
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shows actual dynamic responses for a DFVSPS unit in stable operation. The same as the generating
mode, it can be found that the simulation waveforms in the stable operation stage are similar to the
actual responses in stable operation by comparing Figure 14b,d–f. In addition, the output power of the
unit can be quickly tracked, and the unit speed requires a long adjustment time due to the existence of
the significant inertia.
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Figure 14. Simulation waveforms of unit in pump mode: (a) active power in load ramping stage;
(b) active power in stable operation stage; (c) active power in load rejection stage; (d) speed in stable
operation stage; (e) guide vane opening in stable operation stage; (f) actual dynamic responses for a
DFVSPS unit in stable operation.

4. Output Power Modelling for the Switching Process of the DFVSPS Unit

When MATLAB/Simulink is used for electromagnetic transient simulation modeling of DFVSPS
unit, the complex model and slow simulation speed (The electromagnetic simulation model with a
simulation time of 60 s takes 3 h to complete the simulation) are caused by the switching frequency is
too high and the model control process requires the cooperation between the time logic components.
Therefore, it is necessary to simplify the mathematical model of the power in each stage of the switching
process and reduce the simulation time.

4.1. Generating Mode

4.1.1. Start-Up in Generating Mode

During start-up of generating mode, since the unit has not been connected to the grid, the output
power of the unit to the grid is 0. The specific model is equivalent to the relationship shown in
Formula (15), and the duration is the time when the unit speed is loaded to the rated speed:

PS1 = 0, 0 ≤ t < τ1, (15)

where Ps1 is the output power of the DFVSPS unit to the grid during the start-up, and τ1 is the duration
of the start-up. The calculation of τ1 is as follows.

The control diagram of the whole unit in this stage is shown in Figure 15.
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The guide vane opening of pump turbine is set at 6% in the start-up stage and maintains the entire
start-up process. Therefore, the dynamic process of the pump turbine is neglected, and Pm = 6% (This
value is expressed as per unit value, which needs to be converted to an actual value when connected
with DFIM), and the start-up process can be simplified to the Equation (16): J dωm

dt = Pm
ωm
− Bmωm

Pm = 6%·Pbase
. (16)

It can be seen from the above equation that τ1 depends on the mechanical parameter, friction factor
of DFIM, and the no-load guide vane opening. According to the values of the relevant parameters in
this paper, τ1 = 94 s.

4.1.2. On-Grid Operation Stage

According to the control method of DFVSPS unit and the mathematical models of each part, the
control block diagram of the power priority control strategy can be obtained as shown in Figure 16.
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By observing the control block diagram, the following conclusions can be drawn:

(1) The stator side power control closed loop is an independent control loop, and its control effect
is affected by the PI regulator parameters kp1, ki1, PWM converter switching frequency, and
electromagnetic parameters of the DFIM, etc.

(2) The speed control closed loop is mainly used to control the guide vane control system of pump
turbine. The regulation of the speed closed loop is affected by the stator side power control closed
loop, as well as by parameters such as water inertia time constant of pump turbine, pump turbine
governor parameters kp2, ki2, and mechanical parameters of DFIM, etc.

Through the above conclusions, the adjustment of the stator side power control closed loop is not
affected by the speed control closed loop. The power control closed loop is an electrical adjustment
process, so it can quickly track the reference value. The response time of the speed control closed loop
is longer due to the existence of the significant inertia, but since it does not affect the power control
closed loop (without considering the capacity of the converter), it does not affect the speed of power
regulation. Thus, the waveforms in Figures 11 and 14 can be explained.

The focus of this paper is on the modelling and application of the output power of the unit. It
seems to be independent from the speed control closed loop. In fact, the circulating power of the
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converter is the slip power, which is affected by the speed control closed loop. Due to the limitation of
the converter capacity, it will affect the power adjustment range and adjustment speed; the analysis is
as follows.

In the load ramping stage and the load rejection stage, the trial-and-error method is used to
determine the PI parameters in the aforementioned simulation, and the power step control is adopted
to increase or decrease 30 MW every 5 s. At this stage, in order to simplify the simulation model,
a straight line with a certain slope is used to replace this part of the model, as shown in Equations (17)
and (18):

pSG = pg0·
t− τ1

NSG
, τ1 ≤ t < τ1 + NSG, (17)

pGS = pg1·

(
1−

t− τ2

NGS

)
, τ2 ≤ t < τ2 + NGS, (18)

where Pg0 is the power increased during the load ramping stage, Pg1 is the power reduced during the
load rejection stage, τ2 is the start time of the load rejection stage, NSG and NGS are the time used in the
load ramping stage and load rejection stage, and Equation (17) is the load ramping stage. Equation (18)
indicates the load rejection stage. The values of Pg0, Pg1, NSG, and NGS characterize the rate of power
change during the load ramping stage and load rejection stage. The values are related to the limits of
the converter capacity, stator current and rotor current. The analysis is as follows.

Firstly, the power control closed loop is analyzed. For the power model, different PI parameters
will lead to different power rise time, and different segments will also affect the time of the whole load
rise and fall stage. The response time can be calculated according to the power control closed loop,
which is shown in Figure 17.

Appl. Sci. 2019, 9, x FOR PEER REVIEW 16 of 28 

(2) The speed control closed loop is mainly used to control the guide vane control system of 
pump turbine. The regulation of the speed closed loop is affected by the stator side power control 
closed loop, as well as by parameters such as water inertia time constant of pump turbine, pump 
turbine governor parameters kp2, ki2, and mechanical parameters of DFIM, etc. 

Through the above conclusions, the adjustment of the stator side power control closed loop is 
not affected by the speed control closed loop. The power control closed loop is an electrical 
adjustment process, so it can quickly track the reference value. The response time of the speed control 
closed loop is longer due to the existence of the significant inertia, but since it does not affect the 
power control closed loop (without considering the capacity of the converter), it does not affect the 
speed of power regulation. Thus, the waveforms in Figure 11 and Figure 14 can be explained. 

The focus of this paper is on the modelling and application of the output power of the unit. It 
seems to be independent from the speed control closed loop. In fact, the circulating power of the 
converter is the slip power, which is affected by the speed control closed loop. Due to the limitation 
of the converter capacity, it will affect the power adjustment range and adjustment speed; the analysis 
is as follows. 

In the load ramping stage and the load rejection stage, the trial-and-error method is used to 
determine the PI parameters in the aforementioned simulation, and the power step control is adopted 
to increase or decrease 30 MW every 5 s. At this stage, in order to simplify the simulation model, a 
straight line with a certain slope is used to replace this part of the model, as shown in Equations (17) 
and (18): 

1
0SG g

SG

tp p
N

τ−
= ⋅ , 1 1 SGt Nτ τ≤ < + , (17) 

2
1 1GS g

GS

tp p
N

τ −
= ⋅ − 

 
, 2 2 GSt Nτ τ≤ < + , (18) 

where Pg0 is the power increased during the load ramping stage, Pg1 is the power reduced during the 
load rejection stage, τ2 is the start time of the load rejection stage, NSG and NGS are the time used in 
the load ramping stage and load rejection stage, and Equation (17) is the load ramping stage. Equation 
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If k2 = −3 UsLm/2 Ls, then the closed loop transfer function of the power control closed loop is
shown in Equation (19):

Gc(s) =
−k2kPWM(kp1s + ki1)

s(Tss + 1) − k2kPWM(kp1s + ki1)
. (19)

Since the switching frequency of the PWM link is very high and the switching frequency in
simulation is 2 kHz, the influence of the PWM on the power control closed loop can be ignored.
According to the characteristic equation of the power control closed loop, it can be calculated that,
when the kp1 and ki1 are greater than 0, the characteristic equation does not have poles in the right half
plane, and the closed loop is stable. The response of the power control closed loop to the step signal is
solved as follows.

If –k2kp1 = m, −k2ki1 = n, the response of the power control closed loop to the step signal is:

Y(s) =
1
s
·

ms + n
(1 + m)s + n

. (20)

The corresponding time-domain expression is:

y(t) = 1−
1

1 + m
e
−n

1+m t. (21)

The larger the parameters kp1 and ki1, the shorter the response time of the step signal, as shown in
Table 2 (The PI parameters can be arbitrarily selected within the range of kp1 > 0, ki1 > 0, and different
parameters correspond to different response times.).
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Table 2. Response time of step signal under different PI parameters.

kp1 0.000005 0.000007 0.000009 0.000015 0.00003 0.00005

ki1 0.00005 0.00007 0.00009 0.00015 0.0003 0.0005
response time 5.0 3.5 2.8 1.8 1.1 0.75

The above table shows the response time of the power control closed loop after each stacking step
instruction. For the load ramping stage and load rejection stage, in order to reduce the influence of the
power adjustment on the speed, the method of segmented superimposed power command is adopted.
Taking the unit parameters selected in this paper as an example, the rated power of the unit is 300 MW,
and the no-load grid-connected power is 30 MW. It is necessary to superimpose a further 270 MW
power from no-load power to rated power. The specific number of segments can be divided into the
following types: scheme 1: each stack is 30 MW and nine times; scheme 2: each stack is 45 MW and
six times; scheme 3: each stack is 67.5 MW and four times; scheme 4: each stack is 90 MW and three
times; scheme 5: each stack is 135 MW and two times; scheme 6: adjust 270 MW at a time. The effect of
power control closed loop with different response times and different number of segments is shown in
Figure 18.
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Figure 18. Effect of power control closed loop. (a) different response times; (b) different number
of segments.

According to Figure 18a, it can be found that, when the number of segments is the same, the
response time of the power control closed loop is different with different regulator parameters.
The larger the parameter of the PI regulator, the shorter the response time, such as the parameter
Kp1 = 0.00005, ki1 = 0.0005, loading 270 MW power only takes about 7 s; Figure 18b is the waveform of
the power control closed loop at the load ramping stage with the same response time and different
number of segments. It can find that the fewer number of segments, the shorter the response time. For
example, when all 270 MW power is loaded at one time, the time needed for load ramping stage is
only 5 s.

During the load ramping stage and load rejection stage, different response times and number of
segments are used, and the response of the speed control closed-loop is also different. Since the power
flowing through the converter is the slip power, the converter power is constantly adjusted when the
speed is continuously adjusted. The following two figures show the effect on converter power with
different response times and different number of segments.

Figure 19a shows that, when the number of segments is the same, the fluctuation of converter
power with different regulator parameters used in the power control closed-loop. It can be found that
the larger the parameter of the PI regulator, the shorter the response time, but it will cause greater
fluctuation on speed, and also greater power flowing through the converter. For example, under the
parameters kp1 = 0.00005, ki1 = 0.0005, it takes only about 7 s to upload 270 MW, but the forward power
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of the converter is 54 MW, the reverse power is about 4 MW, so the capacity of the converter needs to
be 58 MW; Figure 19b shows the fluctuation of converter power when the response time is the same,
but the number of segments is different. The fewer the number of segments, the shorter the response
time of load ramping stage will be, and also the converter power will greatly increase. For example,
when uploading all 270 MW power at a time, the time required for the load ramping stage is only 5 s,
but the forward power of the converter is about 80 MW, the reverse power is about 20 MW, and the
capacity of the converter needs to be 100 MW.
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Figure 19. Change diagram of converter power. (a) different response times; (b) different number
of segments.

Figure 19 shows the power change of the converter only considering the load ramping stage.
Considering the load rejection stage and the pump mode, the converter power flow direction will be
opposite to that of the load ramping stage, so the capacity requirement of converter is higher.

For the equivalent of the power model in the load ramping stage and load rejection stage, the
parameters of Pg0, Pg1, NSG, and NGS can be selected according to the parameters of the power control
closed loop and the related limits of the rotor side voltage, current, capacity of converter and other
parameters. The overall conclusion is the higher the power change and the shorter the response time,
the higher the corresponding converter capacity. Therefore, the parameters of the load ramping stage
and load rejection stage can be selected in terms of achievability, economy, and the like.

The parameter selected in the simulation is: kp1 = 0.000005, ki1 = 0.00005, so the response time
of each segment is 5 s, each segment is superimposed 30 MW, superimposed seven times to reach
240 MW. This choice requires small capacity, easy implementation, and high economy. According
to the selected parameters, Pg0 = 210 MW, Pg1 = 210 MW, NSG = 35 s, NGS = 35 s, the comparison
of the waveforms before and after the equivalent of the load ramping stage and load rejection stage
is shown in Figure 20. The red line in the figure is unit active power of simplified model obtained
by Equations (17) and (18). In addition, the black line is the unit active power simulation waveform
obtained by the electromagnetic transient simulation model.

When the unit is operating near the stable operation point, the power regulation is still completed
by the power control closed loop but unlike the wide range of power changes that occur during the
load ramping stage and load rejection stage. Therefore, it can be expressed by the transfer function of
power control closed loop, as shown in the following equation:

pG = G1(s)Pre f , τ1 + NSG ≤ t < τ2, (22)

where G1(s) is the transfer function of power control closed loop, shown in Formula (19).
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Figure 20. Comparison of active power waveform before and after equivalent. (a) load ramping stage;
(b) load rejection stage.

The equivalent effect of the stable operation stage is shown in Figure 21. The red line in the figure
is unit active power of simplified model obtained by Equation (22) and the black line is the unit active
power simulation waveform obtained by the electromagnetic transient simulation model.
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Figure 21. Comparison of active power waveform before and after equivalent during stable
operation stage.

τ2 is the end time of the stable operation stage. In the simulation of this paper, after the power
increases by 20 MW in this stage, it needs to be reduced by 20 MW and returned to 240 MW, in order to
facilitate the load rejection stage. Thus, the simulation time of the whole stable operation stage is twice
that of the load increase, and each segment contains the time for the speed to stabilize after the power
adjustment. The time for each segment is 40 s, and the duration of the stable operation stage is 80 s.

4.1.3. Orderly Shutdown Stage

In the shutdown stage of pump mode, after the unit is disconnected from the grid, the output
power to the grid is also reduced to zero. The power at this stage can be expressed by Equation (23):

PS2 = 0, τ2 + NGS ≤ t < τ3, (23)

where τ3 is the end time of shutdown stage, and the duration of this stage can be calculated by
Formula (24):  J dωm

dt = Te − Bmωm

Te = −
3pnUsLm

2Lsωs
idr

. (24)

At this time, the stator side of the DFIM is short-circuited by a small resistor. Therefore, the value
of the voltage Us is different from that of the on-grid operation stage. The electromagnetic torque
opposite to the rotation direction can be generated by applying the corresponding command current
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to the d-axis of rotor side converter to accelerate the shutdown process of the unit. Referring to the
parameters selected in the simulation of this paper, the duration of the shutdown stage is 60.4 s.

4.2. Pump Mode

4.2.1. Start-up in Pump Mode

During start-up of pump mode, since the unit has not been connected to the grid, the output power
of the unit to the grid is 0. The specific model is equivalent to the relationship shown in Formula (25),
and the duration is the time when the unit speed is loaded to the rated speed:

PS3 = 0, 0 ≤ t < τ1, (25)

where Ps3 is the output power of the DFVSPS unit to the grid during the start-up, and τ1 is the duration
of the start-up. The calculation of τ1 is as follows.

The control diagram of the whole unit in this stage is shown in Figure 22.
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During the start-up process, the stator side of DFIM is short-circuited through a small resistor.
Therefore, the stator-side voltage is different from that of the on-grid operation stage. By controlling the
d-axis current of the rotor-side converter, the corresponding electromagnetic torque can be generated
to start the unit. Simplified to Equation (26), J dωm

dt = Te − Bmωm

Te = −
3pnUsLm

2Lsωs

kPWM
Tss+1 irdre f

. (26)

It can be seen from the above equation that τ1 depends on the mechanical parameter, friction
factor of DFIM, and the d-axis current. According to the values of the relevant parameters in this paper,
τ1 = 60 s.

4.2.2. On-Grid Operation Stage

In the previous section, the control methods of generating mode and pump mode are researched.
The pump turbine model are different under the two working modes, and the control strategies are the
same. Therefore, when the model is simplified under pump mode, the analysis method is consistent
with that of the generating mode. Only a few differences are analyzed below.

During the load ramping stage and load rejection stage, the pump turbine operates at the small
guide vane opening, so the control process is exactly the same as the generating mode, except that
the same guide vane opening corresponds to different mechanical power. Since the converter flows
through the slip power, the working mode does not affect the power of the converter, and the power
flow direction is opposite to that in the generating mode. The conclusion is that the more power
is regulated and the shorter the response time, the larger the capacity the converter required. The
equivalent method of the load ramping stage and load rejection stage are consistent with generating
mode. In addition, it can be expressed by the following formula:

pSP = pP0·
t− τ1

NSP
, τ1 ≤ t < τ1 + NSP, (27)
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pPS = pP1·

(
1−

t− τ2

NPS

)
, τ2 ≤ t < τ2 + NPS, (28)

where Pp0 is the power increased during the load ramping stage, Pp1 is the power reduced during the
load rejection stage, τ2 is the start time of the load rejection stage, NSP and NPS are the time used in the
load ramping stage and load rejection stage, and Equation (27) is the load ramping stage. Equation (28)
indicates the load rejection stage.

The parameter selected in the simulation is: kp1 = 0.000005, ki1 = 0.00005, so the response time of
each segment is 5 s, and each segment is superimposed 30 MW, superimposed seven times to reach
240 MW. This choice requires small capacity, easy implementation, and high economy. According
to the selected parameters, Pp0 = 210 MW, Pp1 = 210 MW, NSP = 35 s, NPS = 35 s, the comparison
of the waveforms before and after the equivalent of the load ramping stage and load rejection stage
is shown in Figure 23. The red line in the figure is unit active power of simplified model obtained
by Equations (27) and (28). In addition, the black line is the unit active power simulation waveform
obtained by the electromagnetic transient simulation model.Appl. Sci. 2019, 9, x FOR PEER REVIEW 22 of 28 
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Figure 23. Comparison of active power waveform before and after equivalent. (a) load ramping stage;
(b) load rejection stage.

Stable operation stage: When the DFVSPS runs at stable operation stage under pump mode, the
pump turbine is located in the part of large guide vane opening, and the input power of the pump
turbine is proportional to the cube of the unit speed. The control block diagram of this stage is shown
in Figure 24.
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Figure 24. Control block diagram of stable operation stage under pump mode.

Compared with the generating mode, the power control closed loop is the same. The difference
mainly exists with the speed control closed loop. Since this part only models the output power of
DFVSPS unit, the equivalent formula similar with Formula (22), as shown in Equation (29). According
to the parameters of the pump mode, kp2 = 0.00005, ki2 = 0.0005. Bring the parameter to Formula (29),
the equivalent effect is shown in Figure 25. The red line in the figure is unit active power of a simplified
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model obtained by Equation (29) and the black line is the unit active power simulation waveform
obtained by the electromagnetic transient simulation model:

pP = G1(s)Pre f , τ1 + NSP ≤ t < τ2. (29)
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Figure 25. Comparison of active power waveform before and after equivalent during stable
operation stage.

τ2 is the end time of the stable operation stage. In the simulation of this paper, after the power
increases by 30 MW in this stage, it needs to be reduced by 30 MW and returned to 240 MW, in order to
facilitate the load rejection stage. Thus, the simulation time of the whole stable operation stage is twice
that of the load increase, and each segment contains the time for the speed to stabilize after the power
adjustment. The time for each segment is 40 s, and the duration of the stable operation stage is 80 s.

4.2.3. Orderly Shutdown Stage

The method used in the shutdown of the pump mode is the same as that in the generating mode.
The method of electromagnetic braking is adopted. The output power of the unit is also 0 at this stage.
The equivalent expression is shown in Formula (30):

PS4 = 0, τ2 + NPS ≤ t < τ3, (30)

where Ps4 is the power during the shutdown stage, τ3 is the end time of shutdown stage. The duration
calculation method at this stage is consistent with the generating mode. According to the data selected
in this paper, the duration of this stage is 50 s.

4.3. Comparison of Simulation Time

Simulation time of each stage before model simplification is shown in Table 3.

Table 3. Simulation time of each stage before model simplification.

Generating Mode Pump Mode

Start-up 2 min 2 min
Load ramping stage 2 h and 58 min 2 h and 40 min

Stable operation stage 3 h and 4 min 2 h and 22 min
Load rejection stage 2 h and 50 min 2 h and 55 min

Shutdown stage 10 min 10 min

The power output model of each stage in the switching process of DFVSPS unit has been obtained
above. Considering the no-load running time after grid connection and before the disconnection, the
power model of the whole transition process is shown in Figures 26 and 27. This simulation model
only needs about 20 s to simulate the entire switching process.
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5. Example of Power System Simulation Using the Simplified Model

A system example is given, including a 300 MW DFVSPS unit G1, a 1000 MW thermal power unit
G2, a 100 MW hydroelectric unit G3 and a load, as shown in Figure 28.
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The output power model established in this paper is applied to the G1 in the diagram.

5.1. Generating Mode

In the initial state, the output power of each generator is PG2 = 500 MW, PG3 = 86 MW, load PL =

586 MW, and the frequency of system is 50 Hz. At t = 10 s, the load increases by 260 MW, and there
will be a power shortage, which will cause instability of the system. Thus, the G1 needs to be run on
generating mode to provide this power. The simulation results are shown in Figure 29.
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Figure 29. Simulation waveform in generating mode. (a) power flow on 18-kV bus; (b) the frequency
of the system.

At t = 10 s, G1 is started, and t = 10 s to t = 104 s is the start-up stage, t = 104 s to t = 130 s is the
no load operation stage, t = 130 s to t = 165 s is the load increasing stage, and t = 165 s to t = 265 s is
the stable operation stage. The power flow of the 18-kV bus is shown in Figure 29a, which starts to
increase at t = 104 s, reaching 240 MW at t = 165 s and reaching 260 MW at t = 190 s. The frequency of
system is shown in Figure 29b. When the load suddenly increases, the system frequency deviates from
the rated value. After the DFVSPS connected to the grid, the frequency returns to a reasonable value.

5.2. Pump Mode

In the initial state, the output power of each generator is PG2 = 565 MW, PG3 = 86 MW, load PL =

651 MW, and the frequency of system is 50 Hz. At t = 10 s, the load decreases by 270 MW, and there
will be a power surplus, which will cause instability of the system. Thus, the G1 needs to be run on
pump mode to absorb this power. The simulation results are shown in Figure 30.

Appl. Sci. 2019, 9, x FOR PEER REVIEW 25 of 28 

stable operation stage. The power flow of the 18-kV bus is shown in Figure 29a, which starts to 
increase at t = 104 s, reaching 240 MW at t = 165 s and reaching 260 MW at t = 190 s. The frequency of 
system is shown in Figure 29b. When the load suddenly increases, the system frequency deviates 
from the rated value. After the DFVSPS connected to the grid, the frequency returns to a reasonable 
value. 

5.2. Pump Mode 

In the initial state, the output power of each generator is PG2 = 565 MW, PG3 = 86 MW, load PL = 
651 MW, and the frequency of system is 50 Hz. At t = 10 s, the load decreases by 270 MW, and there 
will be a power surplus, which will cause instability of the system. Thus, the G1 needs to be run on 
pump mode to absorb this power. The simulation results are shown in Figure 30. 

 
 

(a) (b) 

Figure 30. Simulation waveform in pump mode. (a) power flow on 18-kV bus; (b) the frequency of 
system. 

At t = 10 s, G1 is started, and t = 10 s to t = 70 s is the start-up stage, t = 70 s to t = 90 s is the no 
load operation stage, t = 90 s to t = 125 s is the load increasing stage, and t = 125 s to t = 225 s is the 
stable operation stage. The power flow of the 18-kV bus is shown in Figure 30a, which starts to 
increase at t = 70 s, reaching 240 MW at t = 125 s and reaching 270 MW at t = 150 s. The frequency of 
system is shown in Figure 30b. When the load suddenly decreases, the system frequency deviates 
from the rated value. After the DFVSPS connected to the grid, the frequency returns to a reasonable 
value. 

6. Conclusions 

Based on the structure diagram of the DFVSPS unit and the mathematical models of each part, 
the switching process of the DFVSPS unit under generating mode and the pump mode were 
simulated. The power output model of each stage of DFVSPS unit was simplified in order to make 
the DFVSPS unit able to be applied to power system simulation, the simplified model was applied to 
the power system simulation, and the following conclusions are drawn. 

After the power priority control strategy is adopted for the DFVSPS unit, and the 
electromagnetic torque and the mechanical torque of DFIM are respectively controlled by the power 
control closed loop and the speed control closed loop, so two closed loops are coupled together 
through the rotating shaft. The power control closed loop is an independent control closed loop, and 
the speed control closed loop is adjusted by speed, so the control characteristic of the speed control 
closed loop is affected by the power control closed loop. 

The electromagnetic transient simulation includes the change of all parameters in the whole 
switching process of DFVSPS unit. Due to the switching frequency of the converter, the simulation 
step is very short, so the simulation speed is slow and the data volume is large, which is not suitable 
for studying the influence of switching process of DFVSPS unit on the power system. The simplified 

0 20 40 60 80 100 120 140 160 180 200
-3

-2.5

-2

-1.5

-1

-0.5

0
x 10

8

Time/s

P/
W

0 50 100 150 200
49

49.5

50

50.5

51

51.5

52

Time/s

f/H
z

Figure 30. Simulation waveform in pump mode. (a) power flow on 18-kV bus; (b) the frequency
of system.

At t = 10 s, G1 is started, and t = 10 s to t = 70 s is the start-up stage, t = 70 s to t = 90 s is the
no load operation stage, t = 90 s to t = 125 s is the load increasing stage, and t = 125 s to t = 225 s is
the stable operation stage. The power flow of the 18-kV bus is shown in Figure 30a, which starts to
increase at t = 70 s, reaching 240 MW at t = 125 s and reaching 270 MW at t = 150 s. The frequency of
system is shown in Figure 30b. When the load suddenly decreases, the system frequency deviates from
the rated value. After the DFVSPS connected to the grid, the frequency returns to a reasonable value.
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6. Conclusions

Based on the structure diagram of the DFVSPS unit and the mathematical models of each part, the
switching process of the DFVSPS unit under generating mode and the pump mode were simulated.
The power output model of each stage of DFVSPS unit was simplified in order to make the DFVSPS
unit able to be applied to power system simulation, the simplified model was applied to the power
system simulation, and the following conclusions are drawn.

After the power priority control strategy is adopted for the DFVSPS unit, and the electromagnetic
torque and the mechanical torque of DFIM are respectively controlled by the power control closed loop
and the speed control closed loop, so two closed loops are coupled together through the rotating shaft.
The power control closed loop is an independent control closed loop, and the speed control closed loop
is adjusted by speed, so the control characteristic of the speed control closed loop is affected by the
power control closed loop.

The electromagnetic transient simulation includes the change of all parameters in the whole
switching process of DFVSPS unit. Due to the switching frequency of the converter, the simulation
step is very short, so the simulation speed is slow and the data volume is large, which is not suitable
for studying the influence of switching process of DFVSPS unit on the power system. The simplified
model can well characterize the power output characteristics of the DFVSPS unit, greatly shortened the
simulation time, and it can replace the electromagnetic transient model for power system simulation.

The DFVSPS unit has a good compensation ability for the power fluctuation of a power system.
For the compensation speed and compensation range for the power fluctuation of DFVSPS unit,

after analysis, it is found that the larger the compensation range, the faster the compensation speed,
and the higher the requirements for converter capacity and DFIM stator and rotor voltage and current
levels. Therefore, the compensation range and compensation speed are constrained by parameters
such as converter capacity.
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