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ABSTRACT: This paper proposes a fast voltage regulation control method based on direct power calculation. To suppress the issues of
long bus voltage recovery time and large voltage fluctuation in dual three-phase permanent magnet generator, firstly, in the voltage outer
loop, the fast adjusting component of the inner loop power reference is derived through a direct power calculation method. This approach
enhances the dynamic response of the bus voltage. Secondly, to mitigate control errors induced by system losses, a capacitor power
compensation method is introduced to generate an error compensation component for the power reference, thereby improving the voltage
control accuracy. Finally, the feasibility and effectiveness of the proposed control strategy are validated through both software simulations
and experimental tests. In comparison with conventional methods, the proposed strategy provides stronger disturbance rejection and a
faster dynamic response, enabling high-performance DC bus voltage control for dual three-phase permanent magnet generator systems.

1. INTRODUCTION

As a representative of physical energy storage technolo-
gies, flywheel energy storage has demonstrated unique ad-

vantages in recent years, particularly in high-performance and
high-frequency application scenarios [1–3]. Owing to its fast
response, high short-term power output, high reliability, instan-
taneous energy absorption, and rapid energy release, flywheel
energy storage performs well in applications such as grid fre-
quency regulation, hybrid energy storage systems, data cen-
ter UPS, and regenerative braking in rail transit systems [4–7].
DTP-PMSG rectification system, through multiphase winding
decoupling and high-speed electromagnetic control, addresses
issues such as harmonic suppression and precise torque reg-
ulation during the charging and discharging processes of fly-
wheel energy storage [8–11]. However, when the DC-side load
of the rectification system undergoes sudden changes, signif-
icant fluctuations in the bus voltage may occur, which in se-
vere cases can even lead to system collapse [12, 13]. Such
events seriously affect the safety of both the rectifier and fly-
wheel energy storage device, highlighting the need for gener-
ator fast voltage regulation control methods targeting sudden
load power changes, so as to ensure the reliability and safety of
the generation-rectification system.
When a DTP-PMSG rectification system adopts the dual

closed loop control strategy for voltage and power, the bus volt-
age acts as the controlled variable of the outer loop, while the
power serves as the controlled variable of the inner loop [14]. In
conventional control methods, a proportional-integral (PI) con-
troller is used in the system’s outer loop, resulting in limited
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dynamic performance. Under harsh DC-side load conditions
(such as large-capacity sudden load changes), the system output
bus voltage is prone to large fluctuations and prolonged volt-
age recovery times, thus weakening the control performance.
Therefore, to enhance the dynamic performance of the bus volt-
age and improve the system’s ability to withstand load distur-
bances during sudden load changes, it is necessary to acceler-
ate the dynamic response of the system [15, 16]. Currently, in
response to these issues, researchers have proposed advanced
control methods, such as load power feedforward [17], sliding
mode control [18–20], disturbance observer-based compensa-
tion control [21, 22], nonlinear control [23], backstepping con-
trol [24], and predictive control [25–27].
In [17], the product of the bus voltage and load current is

used in the voltage outer loop to obtain the load power, which
is then superimposed on the output of the bus PI controller as the
reference value for active power. This approach improves the
dynamic performance of the bus voltage, but the feedforward
part does not account for the variation in DC-side capacitor
power during load addition or removal, presenting certain lim-
itations. Ref. [18] applies sliding mode control based on a load
current observer to generate the inner loop active power refer-
ence, which improves system dynamic performance; however,
the approach law in the sliding mode control requires further
improvement to increase the convergence speed to the sliding
manifold, and the enhancement in bus voltage response speed is
limited. Ref. [19] designs a sliding mode controller based on an
adaptive super-twisting approach, resolving the contradiction
between dynamic characteristics and chattering in sliding mode
control and improving system dynamic and static performance,
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albeit with a complex design process for dynamic adaptive gain.
Refs. [21, 22] use disturbance observers to estimate system dis-
turbances and feed these estimates forward to the outer voltage
controller, thereby mitigating the adverse effects of load distur-
bances and improving DC-side voltage tracking performance.
However, the large number of parameters to be tuned in the ob-
server makes the actual tuning process cumbersome. Ref. [24]
introduces two Lyapunov functions in the voltage outer loop to
design a backstepping controller for the bus voltage, enhanc-
ing the system’s ability to resist load disturbances. However,
the sign function in the backstepping control is not optimized,
leading to significant chattering.
This paper improves the outer loop control strategy for a

DTP-PMSG rectification system and proposes a fast voltage
regulation control strategy based on direct power calculation.
On one hand, the voltage outer loop directly calculates the ref-
erence value for the power inner loop according to the gener-
ator power balance equation, thereby improving the dynamic
response speed of the voltage outer loop. On the other hand, ca-
pacitor power compensation is employed to eliminate the con-
trol error caused by direct power calculation, thus achieving
zero steady-state error control of the bus voltage. Finally, the
feasibility of the proposed control method is verified through
simulation and experimental studies on the DTP-PMSG recti-
fication system.

2. TOPOLOGY AND DTP-PMSG SYSTEM MODEL
A block diagram of the DTP-PMSG rectification system, which
is centered on the DTP-PMSG and PWM rectifier, is shown
in Fig. 1. This system primarily consists of a DTP-PMSG, a
PWM rectifier, and a downstream load. The mechanical energy
from the primemover is ultimately converted into direct current
through the generator and rectifier, which can then be supplied
to downstream electrical devices.

FIGURE 1. Block diagram of permanent magnet generator rectification
system.

In the block diagram of the DTP-PMSG rectification system,
the permanent magnet generator and rectifier are key compo-
nents. The main circuit structure is illustrated in Fig. 2. The
generator employs a DTP-PMSG with isolated neutral points,
while the rectifier utilizes a two-level, six-phase voltage-source
PWM rectifier. Here, iC , iL, and idc denote the capacitor cur-

FIGURE 2. Main circuit diagram of DTP-PMSG rectification system.

rent, load current, and bus current, respectively. RL and C rep-
resent the load resistance and DC-side capacitance.
The voltage equations of the dual three-phase permanent

magnet generator in the natural coordinate system are trans-
formed using a decoupling matrix:
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where TCTM represents the Clarke transformation matrix. As a
result, the voltage equations of the generator in the stationary
coordinate system are obtained:

uα = eα −Rsiα − Lα
diα
dt

uβ = eβ −Rsiβ − Lβ
diβ
dt

ux = −Rsix − Lx
dix
dt

uy = −Rsiy − Ly
diy
dt

(2)

In these equations, uα and uβ denote α-β axis components
of the stator voltage, while ux and uy represent x-y axis com-
ponents of the stator voltage. Similarly, iα and iβ represent
α-β axis components of the phase current, while ix and iy cor-
respond to x-y axis components. Lα and Lβ are α-β axis com-
ponents of the stator inductance, while Lx and Ly are x-y axis
components of the stator inductance. eα and eβ are α-β axis
components of the back electromotive force (EMF), and Rs is
the stator resistance.
The expression for the instantaneous power of the generator

in the stationary coordinate system is as follows:{
P = 3(eαiα + eβiβ)

Q = 3(eβiα − eαiβ)
(3)
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where P and Q are the active and reactive powers of the gen-
erator, respectively. The expressions for eα and eβ are given
by: {

eα = E cos θ
eβ = E sin θ

(4)

whereE is the amplitude of the generator’s back EMF, and θ is
the angle between the back EMF and phase A. The expressions
for E and θ are: 

E = ωeψf

θ = θe +
π

2

(5)

where ωe is the electrical angular velocity of the generator, ψf

the flux linkage of the permanent magnet, and θe the electrical
angle of the generator.
As indicated by Eq. (3), when the inner loop of the perma-

nent magnet generator rectification system uses power as the
controlled variable, the active and reactive power produced by
the generator can be controlled independently. By employing
a control strategy with Q∗ = 0, the power factor of the gener-
ator can be improved, thereby increasing the efficiency of the
machine and reducing losses in the power generation system.

3. VOLTAGE STABILIZATION CONTROL STRATEGY

3.1. Principle of Voltage Stabilization Control Strategy
In DTP-PMSG rectification system, a dual closed loop con-
trol strategy based on voltage and power is adopted. The outer
loop of the power generation system uses bus voltage feedback
as controlled variable, while the inner loop uses instantaneous
power feedback as controlled variable. The voltage regulation
process of the DTP-PMSG operates as follows: first, the volt-
age outer loop controller generates the active power reference
for the inner loop based on the difference between the reference
and actual bus voltages. To improve the generator’s power fac-
tor and reduce harmonic current, both the reactive power refer-
ence and harmonic current reference are set to zero. Next, the
power inner loop controller generates α-β axis voltage refer-
ences u∗α and u∗β according to the given power and calculated
instantaneous power. These are then combined with harmonic
voltage references u∗x and u∗y . Using space vector pulse width
modulation, twelve switching signals required for the six-phase
PWM rectifier are obtained, ultimately achieving controllable
bus voltage of the generator.
In conventional dual closed loop voltage-power control

method, outer voltage loop employs a PI controller. Fig. 3

FIGURE 3. Schematic diagram of the conventional voltage outer loop
method.

illustrates the conventional method used in the voltage outer
loop. The conventional voltage outer loop controller takes the
error between the bus voltage reference and feedback as the
input to the bus voltage PI controller and multiplies the output
by the actual bus voltage to obtain the power reference for
the system’s inner loop. Due to the lag inherent in PI control
and the failure to account for nonlinear characteristics of the
power equations in the generation system, this method results
in large voltage fluctuations, prolonged recovery times, and
poor disturbance rejection capability when the load changes
suddenly.
To address these issues, this paper proposes a rapid volt-

age regulation control method for permanent magnet generators
based on direct power calculation. In the voltage outer loop, a
control strategy based on direct power calculation and capacitor
power compensation is adopted. The fast adjustment compo-
nent of the active power reference for the inner loop is directly
calculated to accelerate the recovery of the bus voltage and re-
duce its fluctuation amplitude in the DTP-PMSG rectification
system. Subsequent simulations and experiments compare and
analyze the performance of the proposed method with that of
the conventional approach.

3.2. Voltage Outer Loop Control Strategy
The objective of the outer voltage control loop in a permanent
magnet power generation system is to ensure that the actual
bus voltage follows the reference bus voltage and remains rela-
tively stable. The proposed outer loop control strategy consists
of two main components: direct power calculation and capaci-
tor power compensation. Direct power calculation accelerates
the dynamic response of the outer loop bus voltage, while ca-
pacitor power compensation enhances the control accuracy of
the bus voltage.
According to the Kirchhoff’s Current Law, the DC-side cur-

rent balance equation of the generation-rectification system is
as follows:

idc = iL + iC (6)

The current through the capacitor and the capacitor voltage
have a differential relationship, which can be expressed as:

iC = C
dUdc

dt
(7)

where Udc is the DC-side bus voltage of the generation system.
The expression for the DC-side power of the generation sys-

tem is:

Pdc = Udcidc (8)

wherePdc is theDC-side power of the generation system. Com-
bining Eqs. (6) to (8), we obtain:

Pdc = Udcidc = UdciL +
1

2
C
dU2

dc

dt
(9)

If the losses in the rectifier and other losses in the generation
system are neglected, the output power on the generator side is
approximately equal to the DC-side power of the system:

P1 = Pdc (10)
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FIGURE 4. Schematic diagram of the capacitor charging process.

where P1 is the generator-side output power.
Combining Eqs. (9) and (10), the inner loop power calcula-

tion formula based on direct power calculation can be derived
as:

P1 = UdciL +
1

2
C
dU2

dc

dt
(11)

In practical generation systems, digital control units such as
digital signal processor (DSP) are commonly used. Discretiz-
ing Eq. (11), the reference value for the inner loop power based
on direct power calculation is:

P ∗
1 = U∗

dciL +
1

TC

(
1

2
CU∗2

dc − 1

2
CU2

dc

)
(12)

where P ∗
1 is the reference value for the inner loop power ob-

tained by direct power calculation, U∗
dc the reference bus volt-

age on the DC-side, and TC the estimated time for the capacitor
to reach the reference energy level. The design principle and
selection criteria for the parameter TC are explained below.
When the system reaches a steady state, the rectifier outputs

a constant voltage, so the DC-side can be equivalently modeled
as a first-order circuit consisting of a voltage source, a capacitor,
and a resistor. According to the circuit theory, the time constant
of this circuit is:

τ = RC (13)

The design of the estimated timeTC for the capacitor to reach
the reference energy level is based on this time constant. Select
TC = NTs as the capacitor energy storage regulation time.
Ts is the control period, and N is an integer, used to adjust
the number of control periods. Taking the capacitor charging
process as an example, the process is illustrated in Fig. 4.
At the k-th moment, the actual capacitor energy storage EC

is less than the reference valueE∗
C . It is assumed that after volt-

age regulation for a duration of TC , the actual capacitor energy
storage will reach the reference value. According to Eq. (12),
the required charging power for the capacitor at this moment de-
termines the active power reference value associated with ca-
pacitor charging. At the (k + 1)-th moment, the new energy
storage value is used to calculate the updated required charg-
ing power, and the active power reference value for capacitor

FIGURE 5. Schematic diagram of proposed voltage outer loop method.

charging is adjusted accordingly. This process is repeated it-
eratively. As the actual capacitor energy storage gradually in-
creases, the charging power decreases step by step, eventually
reaching the reference value. When the capacitor is discharg-
ing, a similar analysis applies and will not be repeated here.
The above analysis indicates that if TC is set too large, the ac-

tual energy storage will reach the reference value more slowly,
which is detrimental to the rapid regulation of the DC bus volt-
age. Conversely, if TC is set too small, it facilitates faster ad-
justment of the capacitor energy storage but may also cause
voltage oscillations, thus compromising the system’s stability.
Therefore, the parameter TC should be selected to balance the
dynamic performance of the bus voltage and the relative stabil-
ity of the system.
Therefore, as shown by Eq. (12), in contrast to using only

a conventional PI controller in the voltage outer loop, the ref-
erence power is calculated directly, enabling a faster dynamic
response of the voltage outer loop to sudden load changes.
To compensate for the control errors caused by system losses,

a compensation component for the reference power is proposed
based on direct power calculation and capacitor power compen-
sation. This approach achieves zero steady-state error control
of the bus voltage. The compensation component of the power
reference is given as follows:

EC =
1

2
CU2

dc

E∗
C =

1

2
CU∗2

dc

P ∗
C = Udc

[
kp (E

∗
C − EC) + ki

∫
(E∗

C − EC)dt

] (14)

where E∗
C is the reference value of capacitor energy storage,

EC the feedback value, P ∗
C the compensation component of

the power reference, kp the proportional constant, and ki the
integral constant of the capacitor power PI controller.
The reference value for the inner power loop consists of two

parts: the first is the fast adjustment component P ∗
1 obtained by

direct power calculation, and the second is the error compen-
sation component P ∗

C produced by the output of the capacitor
power PI controller. In summary, the reference value for the
power inner loop can be expressed as follows:

P ∗ = P ∗
1 + P ∗

C (15)

A schematic diagram of the voltage outer loop based on di-
rect power calculation proposed in this paper is shown in Fig. 5.
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FIGURE 6. Control block diagram of DTP-PMSG rectification system.

FIGURE 7. Bus voltage outer loop control block diagram using con-
ventional PI control.

In the proposed method, P ∗
1 is the fast adjustment component

of the inner active power reference. Its function is to improve
the dynamic performance of the voltage outer loop by direct
power calculation, thereby enhancing the disturbance rejection
capability of the DC-side voltage of the permanent magnet gen-
erator system under sudden load conditions. P ∗

C serves as the
error compensation component of the inner active power ref-
erence, aiming to eliminate voltage control errors caused by
system losses through capacitor power compensation. This en-
ables zero steady-state error control of the bus voltage and in-
creases the control accuracy of the system.
Thus, the control block diagram of the voltage outer loop

based on direct power calculation proposed in this paper is il-
lustrated in Fig. 6. The instantaneous values of the α-β axis
components of the machine back-EMF, eα and eβ , are indi-
rectly obtained using Eqs. (4) and (5) based on the electrical
angular velocity ωe, electrical angle θe, and permanent magnet
flux linkage ψf .

3.3. Comparison of Proposed and Conventional

The power inner loop of the system can be approximated as a
first-order inertial element, with Tp representing the time con-
stant of this element. Figs. 7 and 8 show the control block di-
agrams of the bus voltage outer loop for the conventional PI

FIGURE 8. Bus voltage outer loop control block diagram of the pro-
posed control method.

control method and proposed control method, respectively. On
one hand, according to Eq. (11):

P1 = UdciL +
1

2
C
dU2

dc

dt
=
U2
dc

R
+

1

2
C
dU2

dc

dt
(16)

From Eq. (16), it can be seen that the output power of the
generator has a nonlinear relationship with the bus voltage, but
a linear relationship with the square of the bus voltage. When
conventional PI control method is used for bus voltage outer
loop, the bus voltage itself is adopted as the control variable,
without considering the nonlinear relationship between the gen-
erator output power and bus voltage. Consequently, the power
control performance is poor. In contrast, the proposed method
takes into account the linear relationship between generator out-
put power and the square of the bus voltage. Based on practi-
cal physical significance, the feedback value of the capacitor
energy storage is selected as the control variable for the outer
loop, enabling linear control of the power inner loop. This ap-
proach is conducive to achieving high-performance control of
the bus voltage.
On the other hand, conventional voltage outer loop control

relies solely on voltage PI control. Due to the lag inherent in PI
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FIGURE 9. Dynamic simulation waveforms of system output active
power under load variation using the conventional method.

FIGURE 10. Dynamic simulation waveforms of system output active
power under load variation using the proposed method.

control, when a sudden change occurs in the DC-side load, the
bus voltage exhibits large fluctuations and slow recovery, re-
sulting in poor dynamic performance. However, the proposed
method is based on capacitor energy storage PI control and in-
corporates a feedforward of the DC-side power using load cur-
rent and bus voltage information. Combined with the output of
the capacitor energy storage PI controller, it allows for rapid ac-
quisition of the reference value for the inner loop active power.
The proposed method accelerates the response speed of the bus
voltage and effectively enhances the system’s ability to with-
stand load disturbances.

4. SIMULATION AND EXPERIMENTAL VERIFICATION
To verify the correctness and feasibility of the proposed voltage
regulation control method based on direct power calculation,
this paper uses a DTP-PMSG as the controlled object. Simula-
tion and experimental validation are carried out for both the pro-
posed method and conventional method according to the con-
trol block diagram shown in Fig. 6.

4.1. Simulation Analysis
The relevant parameters for system simulation are listed in Ta-
ble 1, with DC bus reference voltage set to 80V. To compare the
anti-disturbance capabilities of the conventional method and
proposed method, the load is set as a step load, and its value
changes abruptly at a certain moment. Accordingly, the sim-

TABLE 1. DTP-PMSG system parameters.

Parameters Values
Number of motor phases 6
Number of motor poles 5
Stator resistance Rs (Ω) 0.67
d-axis inductance Ld (mH) 2.46
q-axis inductance Lq (mH) 2.46

Magnetic flux amplitude of permanent magnet ψf (Wb) 0.0885
DC bus capacitor C (µF) 2200

DC bus voltage reference Udc (V) 80
Motor speed N (r/min) 750

ulation scenarios are configured as follows: after the system
starts and reaches steady state, a load of 160W is suddenly ap-
plied at 0.2 s and then suddenly removed at 0.3 s. Figs. 9 and
10 show dynamic simulation waveforms of the system’s out-
put active power under step load increase and decrease for the
conventional method and proposed method, respectively. The
conventional method introduced approximately 8% overshoot
in the bus voltage, while the proposed method produced almost
none. As a result, the proposed method offers faster response
speed and superior dynamic performance compared to the con-
ventional approach.
Figure 11 compares dynamic waveforms of the bus volt-

age under the two control methods, and Table 2 provides a
simulation-based comparison of their dynamic performance.
Voltage fluctuation is defined as the absolute value of the dif-
ference between the maximum or minimum bus voltage and the
reference voltage after a sudden load change. Recovery time is
defined as the shortest time required for the bus voltage to re-
turn within ±0.05V of the reference voltage following a sud-
den load change. The overshoot or undershoot of the bus volt-
age during load changes is caused by a mismatch between the
generator output power and load power at the moment of load
variation. Therefore, improving the dynamic performance of
the bus voltage requires accelerating the response speed of the
generator’s output power. The faster the dynamic response of
the generator’s output power is during load changes, the better
the dynamic performance of the bus voltage is, and the smaller
the adverse impact of sudden load disturbances is on the sys-
tem. Since the proposed method achieves a faster active power
response than the conventional method, the proposed method
effectively enhances the dynamic performance of the bus volt-
age compared to the conventional control method. Based on
the comparison in Table 2, the proposed method reduces the
amplitude of bus voltage fluctuations by approximately 70%
and shortens recovery time by about 40% relative to the con-
ventional method, demonstrating superior bus voltage control
performance.
Additionally, to investigate the variation trends of the fast

adjustment component and the error compensation component
of the active power reference in the proposed method during
sudden load changes, the simulation scenario is kept consis-
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TABLE 2. Comparison of dynamic performance of bus voltage between conventional method and the proposed method.

Control methods Add/Reduce load Voltage fluctuation Fluctuation percentage Recovery time

Conventional method Add load 1.16V 1.45% 32ms
Reduce load 1.17V 1.46% 33ms

Proposed method Add load 0.28V 0.35% 18ms
Reduce load 0.30V 0.38% 20ms

FIGURE 11. Comparison of dynamic bus voltage waveforms under load
variation between the conventional and proposed methods.

FIGURE 12. Variation trends of each active power reference component
during load changes.

tent. Fig. 12 presents trends of the active power fast adjustment
component and the error compensation component during the
loading process. The active power reference consists of both
the fast adjustment component and error compensation compo-
nent, where the fast adjustment component dominates, and the
error compensation component serves as an auxiliary adjust-
ment. When a sudden load change occurs, the fast adjustment
component is able to adjust quickly in response to the change
in load state, exhibiting a rapid dynamic response. Meanwhile,
the error compensation component increases or decreases ac-
cording to the variation in system losses during the load change,
which is consistent with theoretical analysis. The above simu-
lation results indicate that, when sudden load changes are ap-
plied, the proposed fast voltage regulation strategy can improve
the dynamic performance of the system bus voltage and effec-
tively enhance the DC-side bus voltage disturbance rejection
capability of the DTP-PMSG rectification system.

4.2. Test Verification

To further verify the correctness and feasibility of the proposed
voltage regulation control method, a DTP-PMSG rectification
system experimental platformwas established in the laboratory,
as shown in Fig. 13. To evaluate the anti-disturbance capabil-
ity of the proposed method, a dynamic performance compari-
sonwith the conventional method is conducted by applying step
changes to the load. The test conditions are set as follows. Af-
ter system startup and reaching steady state, a load of 160W is
suddenly applied. Once the system stabilizes, the load is sud-
denly removed. The DC bus reference voltage is set to 80V.

FIGURE 13. Experiment platform.

Figures 14 and 15 show the dynamic response waveforms
for load addition and removal under the conventional method
and proposed method, respectively. From top to bottom, the
waveforms represent generator active power, reactive power,
and bus voltage.
Table 3 provides a comparison of the dynamic performance

between the two control methods. The definition of voltage
fluctuation is the same as in the simulation, while recovery
time is defined as the shortest time for the bus voltage to re-
turn within ±0.4V of the reference voltage after a sudden load
change.
In terms of bus voltage control, the proposed method enables

the bus voltage to respond more rapidly to load disturbances
than the conventional method. Both the amplitude of voltage
fluctuation and recovery time are considerably reduced after a
load change, demonstrating the superior dynamic performance
of the proposed method. The proposed method reduces the am-
plitude of bus voltage fluctuation by approximately 50% and
shortens recovery time by about 55% compared to the con-
ventional method. Fig. 16 shows the variation of each com-
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FIGURE 14. Experimental waveforms of load variation using the con-
ventional control method.

FIGURE 15. Experimental waveforms of load variation using the pro-
posed control method.

TABLE 3. Comparison of system dynamic performance tests under two control methods.

Control methods Add/Reduce load Voltage fluctuation Fluctuation percentage Recovery time

Conventional method Add load 8.4V 10.5% 108ms
Reduce load 10.3V 12.9% 160ms

Proposed method Add load 4.4V 5.5% 50ms
Reduce load 5.1V 6.4% 72ms

(a) (b)

FIGURE 16. Schematic diagram of the variation of each component of the active power reference during load variation with the proposed method.
(a) Sudden load. (b) Sudden load reduction.

ponent of the inner loop active power reference under sudden
load changes. The active power reference P ∗ consists of the
fast adjustment component P ∗

1 and error compensation compo-
nentP ∗

C . Under light load conditions, system loss is small, with
P ∗
C around 30W and P ∗

1 about 160W, making the fast adjust-
ment component dominant. When a load is suddenly added,
system loss increases, raising P ∗

C to 54W, while P ∗
1 quickly in-

creases to 304W in response to the sudden load, allowing the

generator’s output active power to rise rapidly and thus avoid-
ing significant voltage drop. Conversely, when a load is sud-
denly removed, system loss decreases, lowering P ∗

C to 30W,
while P ∗

1 quickly decreases to 160W, enabling the generator’s
output active power to fall rapidly and preventing significant
voltage overshoot.
To further validate the conclusions regarding parameter TC ,

Fig. 17 presents the bus voltage response under different val-
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FIGURE 17. Experimental waveforms of sudden load application under
different TC conditions.

ues of TC for a given operating condition during load addi-
tion. The proposed method consistently outperforms the con-
ventional method in terms of bus voltage dynamic performance
under step load changes. When the value of TC in the proposed
method decreases, both the amplitude of bus voltage fluctuation
and the recovery time are reduced, and the dynamic response
speed increases. However, if TC is set too small, voltage os-
cillations may occur, reducing the relative stability of the sys-
tem, which is consistent with the previous theoretical analysis.
Considering both the dynamic response speed of the bus volt-
age and system stability, and based on the experimental condi-
tions in this study, the optimal value for TC is determined to be
30ms. The above dynamic experimental results indicate that
the proposed fast voltage regulation control strategy based on
direct power calculation can significantly improve the dynamic
response of the voltage outer loop, suppress bus voltage fluctu-
ations caused by sudden load changes, and enhance the DC-side
bus voltage disturbance rejection capability of the DTP-PMSG
system.

5. CONCLUSION
This paper proposes a fast voltage regulation control method
for DTP-PMSG based on direct power calculation. On one
hand, the voltage outer loop utilizes the generator power bal-
ance equation to directly compute the output of the voltage
outer loop, thereby improving the dynamic response speed of
the voltage regulation system and enabling adaptation to sudden
load changes. On the other hand, capacitor power compensa-
tion is employed to eliminate control errors caused by system
losses. The following conclusions are drawn from both soft-
ware simulations and experimental results:
(1) In this study, the reference value for the power inner loop

is directly obtained through the use of direct power calculation
in the system’s outer loop, which effectively enhances the dy-
namic performance of the bus voltage outer loop. Simultane-
ously, capacitor power compensation is adopted to achieve zero
steady-state error control of the bus voltage, thereby improving
the control accuracy of the system.
(2) Compared with the conventional PI control method for

the voltage outer loop, the proposed method reduces the am-
plitude of bus voltage fluctuations by approximately 50% and
shortens the voltage recovery time by about 55% when the

system experiences sudden load increases or decreases. Thus,
the proposed method contributes to improved dynamic perfor-
mance of the bus voltage and enhances the system’s ability to
withstand load disturbances.
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