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Abstract—The brushless doubly-fed wind power system 

based on conventional power control strategies lacks 
‘inertia’ and the ability to support grid, which leads to the 
decline of grid stability. Therefore, a control strategy of 
brushless doubly-fed reluctance generator (BDFRG) based 
on virtual synchronous generator (VSG) control is 
proposed to solve the problem in this paper. The output 
characteristics of BDFRG based on VSG are similar to a 
synchronous generator (SG), which can support the grid 
frequency and increase the system ‘inertia’. According to 
the mathematical model of BDFRG, the inner loop voltage 
source control of BDFRG is derived. In addition, the 
specific structure and parameter selection principle of 
outer loop VSG control are expounded. The voltage source 
control inner loop of BDFRG is combined with the VSG 
control outer loop to establish the overall architecture of 
BDFRG-VSG control strategy. Finally, the effectiveness 
and feasibility of the proposed strategy are verified in the 
simulation. 
 

Index Terms—Virtual synchronous generator, Brushless 
doubly-fed relutance generator, Grid support ability, Voltage 
source control. 
 

I. INTRODUCTION 
HE brushless doubly-fed reluctance generator is improved 
from doubly fed induction generator (DFIG), so it inherits 

many advantages of DFIG. For example, it is easy to realize 
variable speed constant frequency operation, can flexibly 
control active power and reactive power, the cost of the motor 
is moderate, and the converter with small capacity. Different 
from DFIG, BDFRG has no brush and slip ring in structure, 
which significantly improves the reliability of the system  
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[1]–[3]. In addition, due to the large leakage inductance of 
BDFRG, it has good performance in low voltage ride through 
[4]. Compared with brushless doubly fed induction generator, 
the control system of BDFRG has less dependence on 
parameters and simple control structure. Therefore, BDFRG is 
suitable for high reliability wind power generation. 

At present, many control strategies for BDFRG have been 
proposed, including vector control [6]–[8], direct torque control 
[9],[10] and direct power control [11]. Vector control has the 
advantages of fast response and fixed switching frequency, but 
PI controller needs to be adjusted accurately. Direct torque 
control and direct power control focus on improving the 
response speed, but variable switching frequency limits its 
advantages. The direct power control based on model 
prediction has good response speed, fixed switching frequency 
and does not require PI regulator [12]. In order to make the 
control mode more flexible, some scholars have studied the 
control strategy based on open winding [13], and further 
developed the fault-tolerant control strategy [14]. And the 
control strategy of BDFRG under unbalanced grid voltage is 
proposed in [15],[16]. The above strategies are conventional 
power control strategies, aiming at the rapid response of power, 
so that the system can transmit more active current to the power 
grid as much as possible. 

The continuous improvement of wind power permeability 
will lead to the decline of power system frequency stability. In 
order to avoid the resulting fault problems, wind farms are 
required to have some functions similar to traditional power 
plants, such as active power control, frequency regulation and 
dynamic voltage regulation [17]. VSG can control the active 
power of the system by simulating the rotor motion equation 
and power angle characteristics of synchronous generator, and 
control the reactive power by simulating the reactive 
power-voltage droop characteristics. Application of VSG 
control can change the external characteristics of power 
electronic equipment and improve the stability of power system 
[18]–[20]. 

In recent years, VSG strategy has been widely studied in 
photovoltaic power generation [21], multi-terminal flexible DC 
transmission systems [22]. In [23],[24], a control strategy for 
grid connected doubly fed wind turbines based on virtual 
synchronous control is proposed, which enhances the stability 
and ‘inertia’ of doubly fed wind turbines under weak grid 
conditions. However, there are no available reports about 
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BDFRG controlled with VSG. 
This paper aims to fill the blank in the control strategy of 

BDFRG by introducing the concept, design content and 
simulation verification of BDFRG-VSG. The proposed 
BDFRG-VSG in this paper can make the system have the 
ability of frequency modulation and improve the adaptability of 
the system in the weak grid. Finally, in Matlab /Simulink, to 
verify the effectiveness and feasibility of the proposed strategy, 
variable-speed constant-frequency operation capability of 
BDFRG-VSG system is tested in ideal grid; and the 
BDFRG-VSG system is compared with the BDFRG-DPC 
system in the case of grid frequency mutation in simulation. 

II. MATHEMATICAL MODEL OF BDFRG 
The stator of BDFRG has two sets of three-phase windings 

with different pole numbers: power winding and control 
winding. The power winding is directly connected to the power 
grid, and the control winding is connected to the power grid 
through the back-to-back converter. The reluctance rotor 
couples the magnetic field of two stator windings. 

In the rotating reference frames, the voltage equation of 
BDFRG can be expressed as[1] 
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Where Up and Uc respectively represent the voltage of power 
winding and control winding, Rp and Rc are the resistance of 
power winding and control winding, Ip and Ic are the current of 
power winding and control winding, ψp and ψc is the flux 
linkage of power winding and control winding. The power 
winding reference frame rotates at ωp, and the control winding 
reference frame rotates at ωc. 

In the rotating reference frames, the flux linkage equation of 
BDFRG can be expressed as[1,7] 
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Where Lp and Lc are self inductance of power winding and 
control winding, Lm is mutual inductance between power 
winding and control winding, and superscript “^” represents 
conjugate vector. 

The relationship between the angular velocity of the power 
winding (ωp), the angular velocity of the control winding (ωc) 
and the electrical angular velocity of the rotor (ωr) is 
 cpr    (3) 

The active power (Pp) and reactive power (Qp) of the power 
winding can be expressed as 
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The electromagnetic torque (te) can be expressed as 
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III. VIRTUAL SYNCHRONOUS GENERATOR CONTROL OF 
BDFRG 

In order to illustrate the frequency support principle of 
virtual synchronous generator, the response of BDFRG system 
based on conventional power control (CPC) is compared with 
that of synchronous generator (SG) under grid frequency 
disturbance. 

 
Fig. 1.  Response comparison of grid frequency disturbance, (a): CPC; (b): SG. 
 

In Fig. 1, (a) is the voltage vector diagram of BDFRG under 
conventional power control, (b) is the voltage vector diagram of 
synchronous generator. E and Ug are generator internal 
potential and grid voltage before frequency disturbance, E' and 
Ug' are generator internal potential and grid voltage after 
frequency disturbance. δ is the angle between E and Ug, δ' is the 
angle between E' and Ug'. When the conventional power 
control is adopted, the internal potential phase of BDFRG 
always tracks the grid voltage phase; after the grid voltage 
phase mutation, the internal potential phase of BDFRG changes 
immediately, δ' is almost equal to δ; So power transmission is 
not affected by frequency disturbance, in other words, the 
system does not provide power to support the grid. On the 
contrary, due to the existence of rotating components in the 
synchronous generator, when the grid frequency changes, the 
internal voltage phase of the synchronous generator does not 
change immediately and δ increases to δ'; the active power 
transmitted to the grid also changes to help the grid frequency 
modulation. Therefore, by modifying the control strategy, the 
BDFRG system can simulate the characteristics of synchronous 
generators to help grid frequency regulation. 
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A. Overall Structure of BDFRG-VSG 
The machine side converter (MSC) of BDFRG is responsible 

for regulating the power output of the system according to the 
reference value; the grid side converter (GSC) is responsible for 
maintaining constant DC bus voltage. Since the converter 
capacity of BDFRG is small and the DC bus capacitance is also 
small, the available energy is limited. The machine side 
converter can control the output of BDFRG, and the energy is 
considerable. Therefore, the proposed BDFRG control strategy 
is applied to the machine side converter. Main control structure 
of BDFRG-VSG is shown in Fig. 2. 

VSG control adjusts the active and reactive power output by 
controlling the frequency and amplitude of the voltage. 
Therefore, in order to control the instantaneous value of Up, it is 

necessary to establish the voltage source control of BDFRG. In 
Fig. 2, ω* is provided by the virtual rotor motion equation, 
rather than the angular velocity of the grid. Because of the 
existence of line impedance, especially when the line 
impedance is inductive, the active power of BDFRG can be 
controlled by adjusting the frequency of the output voltage. 
Therefore, BDFRG may not always be synchronized with the 
grid. The amplitude and frequency of power winding voltage 
are no longer clamped by the power grid, but are determined by 
the virtual rotor motion equation and the virtual governor 
respectively, which can simulate the rotor motion equation and 
the reactive power-voltage droop characteristics. In this way, 
phase locked loop (PLL) is avoided in BDFRG-VSG.  

 
 

 
 

Fig. 2.  Main control structure of BDFRG-VSG
 

In Fig. 2, Upabc and Ipabc are the three-phase voltage and 
current of the power winding, and Icabc is the three-phase 
current of the control winding. Upref is the reference value of 
power winding voltage amplitude, ω* is the reference value of 
frequency. Pp and Qp can be expressed as 
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B. Voltage source control of BDFRG 
In order to control the amplitude and frequency of power 

winding voltage, the voltage source control of BDFRG is 
established. The magnetic flux leakage coefficient is 
σ=1-Lm

2/(LpLs), (2) can be rewritten as 

 mppp
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A simplified expression for the voltage of the control 
winding can be obtained by substituting (7) into (1), 

   ccccmcc jj IψU LR   . (8) 
Equation (8) shows the relationship between the control 

winding voltage and current in vector sense. In scalar sense, icd  
is directly controlled by ucd, and icq is directly controlled by ucq. 
Therefore, the feedback loop can be constructed and the PI 
regulator can be used to control the current of the control 
winding. 

In order to control output voltage of power winding directly, 
voltage closed loop control is adopted. When the load current is 
not considered, the voltage equation of the power winding can 
be expressed as 
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Accordingly, the flux linkage equation can be expressed as 

 








cqmpq

cdmpd

iL
iL




 (10) 

The relationship between Up and Ic can be obtained by 
substituting (10) into (9), as shown in 
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According to (11), the q axis voltage of the power winding 
can be adjusted by the d axis current of the control winding, and 
the d axis voltage of the power winding can be adjusted by the q 
axis current of the control winding. The voltage source control 
block diagram of BDFRG is shown in Fig.3. Since the role of 
the GSC is to maintain the voltage stability of the DC bus, its 
control strategy is not the content of this paper, so it is not 
shown in Fig. 3. The converter in Fig. 3 is the machine side 
converter. 

In the conventional power control strategy, the ideal grid is 
regarded as an ideal voltage source. But it should be noted that 
in this paper, the power winding is no longer regarded as 
directly connected to the ideal voltage source, but as indirectly 
connected to the ideal voltage source through line impedance. 
The voltage of the power winding is no longer clamped by the 
grid, which is closer to the actual situation. Therefore, on the 
premise of ensuring the stable operation of BDFRG system, the 
output voltage of power winding can be adjusted through 
voltage and current double closed loops. 
 

 
 

Fig. 3.  Voltage source control block diagram of the BDFRG 

C. Principle of virtual synchronous generator control 
Many wind turbines are located in remote areas, where the 

grid is weak, so the grid-connected BDFRG system should 
have frequency modulation ability. By referring to the 
operating principle of governor of synchronous generator, the 
following can be obtained, 
    0ωrefm KPP  (12) 

Where Pm is the mechanical power output from the prime 
mover, Pref is active power reference of power winding, ω0 is 
the grid angular frequency reference, ω is the angular frequency 
of the power winding, and Kω is the frequency modulation 
coefficient. Kω reflects the change value of VSG input power 
when the grid frequency changes by 1Hz, as expressed in 
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Referring to the electromagnetic equation and rotor motion 
equation of synchronous generator, the rotor motion equation 
of VSG can be expressed as 
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Where Pp is the instantaneous value of the active power of 
the power winding, and D is the damping coefficient, ω* is the 
power winding angular frequency reference, and Jv is the 
virtual inertia. D can be expressed as 
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The relationship between Jv and D can be expressed as 
 τDJv   (16) 

Where τ is the time constant. To ensure the sensitivity of the 
system to frequency changes, τ can be appropriately smaller. 
The larger the value of Jv, the stronger the system inertia, the 
smaller the change of frequency per unit time, and the longer 
the time to reach stability. Increasing D will reduce the 
overshoot of power and frequency, but will slow down the 
response speed of the system. At the same time, D also has the 
function of droop adjustment. Therefore, it is necessary to 
balance the advantages and disadvantages of all aspects and 
make a compromise correction for Jv and D. 

The traditional synchronous generator adjusts the output 
voltage and reactive power by changing the excitation. 
Similarly, the following can be obtained, 

  ppref
q

0pref K
1 QQUU   (17) 

Where Upref is the reference value of voltage source control, 
U0 is the grid voltage, Kq is the voltage regulation coefficient, 
Qpref is the reactive power setting value of the power winding, 
and Qp is the instantaneous value of reactive power of power 
winding. Kq can be expressed as 

 
U
Q
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It should be noted that only when the line impedance of the 
system is inductive, the corresponding relationship between 
active power-frequency and reactive power-voltage will be 
established. If the line resistance is large, this regulation 
relationship will not be established, resulting in active power 
and reactive power coupling. Therefore, the system impedance 
is assumed to be inductive in this paper. 

The specific structure of VSG control is shown in Fig. 4. 

 
 

Fig. 4.  Structure of VSG control 

IV. SIMULATION RESULTS 
The BDFRG-VSG control strategy mentioned in this paper 

was validated in Matlab/Simulink. The BDFRG parameters are 
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shown in Table I. 
TABLE I 

BDFRG PARAMETERS 

Parameters Value 

Rated voltage (V) 380 
Rated frequency (Hz) 50 
Rated power (kW) 25 
Pole-pairs of power winding 4 
Pole-pairs of control winding 2 
Power winding resistance (Ω) 0.3871 
Control winding resistance (Ω) 0.3773 
Power winding self-inductance (mH) 47.66 
Control winding self-inductance (mH) 40.75 
Mutual inductance (mH) 37.68 

 
The simulation parameters of BDFRG-VSG are shown in 

Table II. 
TABLE II 

SIMULATION PARAMETERS 

Parameters Value 

DC voltage (V) 300 
Grid rated voltage (V) 380 
Switch frequency (kHz) 10 
Frequency modulation coefficient Kω 4710 
Voltage regulation coefficient Kq 40 
Virtual inertia Jv (kg/m2) 0.8 
Damping coefficient D (N/(m/s)) 8 
Line resistance (Ω) 0.1 
Line inductance (mH) 8 

 

A. Simulation in Ideal Grid 
BDFRG is integrated into the grid at 1s, the active power 

reference of the power winding  increases from -8kW to -14kW 
at 1s, and increases to -18kW at 2s (negative sign ‘-’ means 
generating active power). To ensure unit power operation, 
reactive power reference is 0. In order to verify the 
variable-speed constant-frequency operation capability of 
BDFRG-VSG, the reference rotor speed increase from 
450r/min to 550r/min uniformly within 1s-3s, as shown in Fig. 
5. At this time, BDFRG transits from sub-synchronous 
operation state to synchronous operation state, and then to 
super-synchronous operation state. 

 
Fig. 5.  Rotor speed reference 

Fig. 6 is the simulation results of BDFRG-VSG in ideal grid. 
In Fig. 6, (a) is the power winding three-phase voltage 
waveform (Up), (b) is the power winding three-phase current 
waveform (Ip), (c) is the active power waveform of the power 
winding (Pp), (d) is the reactive power waveform of the power 

winding (Qp), (e) is the voltage frequency waveform of the 
power winding (fp) measured by the PLL, (f) is the q-axis 
voltage waveform of the power winding (Upq) in the two-phase 
synchronous rotating coordinate system, (g) is the waveform of 
electromagnetic torque (te), and (h) is the control winding 
three-phase current waveform (Ic). 
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Fig. 6 Dynamic response simulation results of BDFRG-VSG, (a)Up; (b) Ip; (c) 
Pp; (d) Qp; (e) fp; (f) upq; (g) te; (h) Ic. 

Fig. 6 shows the operating condition of BDFRG-VSG after 
grid-connected. BDFRG-VSG can operate stably in 
sub-synchronous speed, synchronous speed and 
super-synchronous speed. Pp can follow the reference smoothly, 
Qp remains at 0. when Pp increases, the impact on Qp is small, 

and the decoupling of Pp and Qp is realized. It can be seen from 
the waveform of fp that after the change of Pp reference, fp 
change first , and then the Pp of the system increase gradually , 
which is reflected in a relatively slow adjustment process with 
‘inertia’, reflecting the corresponding relationship between 
active power and frequency. By observing the waveforms of Qp 
and Upq, the increase of Pp has a certain effect on Qp, and Upq 
changes with Qp, reflecting the corresponding relationship 
between reactive power and voltage. The trend of Ip amplitude 
is consistent with the Pp. With the increase of Pp, the amplitude 
of Ic increases; with the change of rotor speed, the frequency of 
Ic first decreases and then increases gradually; and the Ic can be 
adjusted according to the operation state and power reference 
changes of BDFRG. 
 

B. Frequency Variation Disturbance Simulation 
In order to verify the support ability of BDFRG-VSG to the 

grid frequency, a comparative simulation is carried out for the 
described BDFRG-VSG and the onventional power control 
strategy of BDFRG-DPC in the case of grid frequency mutation. 
The simulation results are shown in Fig. 7 and Fig. 8. System 
parameters are consistent with the simulation in ideal grid. The 
active power reference of BDFRG-VSG and BDFRG-DPC is 
-14kw, and the speed is fixed at 550r/min. 
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Fig. 7.  Simulation results of grid frequency dropping to 49.8Hz, (a) 
BDFRG-VSG; (b) BDFRG-DPC. 
 

Firstly, the responses of the two systems in the case of 
sudden frequency drop are simulated. At 1.5s, the grid 
frequency the grid frequency decreases from 50 Hz to 49.8 Hz. 
The simulation results are shown in Fig. 7. 

Fig. 7 shows that BDFG-VSG and BDFG-DPC can operate 
well. Before the grid frequency drop, active power and reactive 
power can follow their reference values. The electromagnetic 
torque waveform is stable, and the current of power winding 
and control winding is sinusoidal and balanced. The 
steady-state characteristics of the two control methods are 
basically consistent. 

Fig. 7(a) shows that, when the grid frequency drops to 
49.8Hz, BDFRG-VSG outputs an additional 4kW active power 
to help the grid complete the frequency modulation. The trend 
of Ip amplitude is consistent with Pp. Since the electromagnetic 
torque belongs to the resistance torque, its waveform is 
negative. When the grid frequency drops suddenly, the 
amplitude of the electromagnetic torque increases. The 
frequency of power winding voltage does not change 
immediately due to the action of virtual rotor motion equation, 
and it transits to the grid frequency after 0.4s, which reflects the 
‘inertia’ of the BDFRG-VSG system. 

Fig. 7(b) shows that Pp and te of BDFRG-DPC are not 
affected when the grid frequency drops to 49.8Hz. The 
frequency of power winding keeps consistent with the grid 
frequency quickly, and the transition process is only about 
0.05s. Since the PLL requires a certain response time, the actual 
transition process is less than 0.05s. Therefore, it can be 
considered that the ‘inertia’ of BDFRG-DPC system is far less 
than that of BDFRG-VSG system. Simulation results are 
consistent with theoretical analysis. 

The active power reference still is -14kw, and the speed is 
fixed at 550r/min. The grid frequency increases from 50Hz to 
50.2Hz at 1.5s. Figure 8 shows the simulation results of 
BDFRG-VSG and BDFRG-DPC when the grid frequency 
suddenly increases to 50.2Hz, where (a) is the simulation 
results of BDFRG-VSG and (b) is the simulation results of 
BDFRG-DPC. 

Fig. 8(a) shows that Pp of BDFRG-VSG decreases by 4 kW, 
after the grid frequency increases to 50.2 Hz, so as to help the 
grid frequency modulation. Accordingly, the te and Ip also 
decrease. The power winding frequency takes about 0.4 s to 
transition to the grid frequency. 

Fig. 8(b) shows that the transition time of BDFRG-DPC is 
still very short. It lacks the ability to support grid frequency. 
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Fig. 8.  Simulation results of power grid frequency increasing to 50.2Hz, (a) 
BDFRG-VSG; (b) BDFRG-DPC. 

V. CONCLUSION 
The BDFRG system based on the conventional power 

control strategy cannot take responsibility for frequency 
stability, a BDFRG control strategy based on virtual 
synchronous generator is proposed in this paper. The control 
strategy has versatility and does not depend on PLL. The most 
important feature is that the strategy can support the frequency 
of the grid and has grid friendliness. The simulation results 
show that the BDFRG-VSG control strategy proposed in this 
paper can smoothly control the active power and reactive power; 
and BDFRG-VSG can respond to the change of grid frequency 
and adjust the active power output to support grid frequency. 
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