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Voltage Compensation Control and Parameter
Adaptive Design of Virtual DC Machine for Microgrid
Energy Storage Converters

Hailiang XU, Honglong ZHANG, Pingjuan GE, and Cong WANG

Abstract—To enhance the stability of a DC microgrid, a promis-
ing approach is to control the energy storage converter via the vir-
tual DC machine control (VDMC), which can improve inertia and
damping of the system. However, the conventional VDMC suffers
from poor dynamic performance during large disturbances, par-
tially due to its fixed control parameters. To track such problem,
this paper proposes a voltage compensation control and parame-
ter adaptive method for the VDMC of microgrid energy storage
converters. Firstly, the dynamic process of microgrid bus voltage
under disturbance is analyzed, and an armature voltage compen-
sation control loop is then constructed. Subsequently, the influenc-
es of inertia, damping and compensation coefficients on the system
dynamic characteristics are evaluated, and a parameter adaptive
control method for the improved VDMC is proposed. Simulation
and experimental results demonstrate that the proposed control
strategy can effectively mitigate the DC bus voltage fluctuations,
with faster response and smaller overshoot than the conventional
VDMC strategy.

Index Terms—Adaptive parameters control, armature voltage
compensation, DC microgrid, energy storage converters, virtual DC
machine control.

I. INTRODUCTION

C microgrid have received a lot of attention in recent

years due to the absence of frequency and reactive power
problems [1]-[5]. In a DC microgrid, the power flow of the
distributed power sources, energy storage, loads and other
devices all need to interact through the DC bus. Hence, the
stability of the DC bus voltage becomes an important indicator
to judge the stability of a DC microgrid [6], [7]. However,
some distributed power sources, such as wind power and
photovoltaic, may have negative impact on grid stability
due to their fluctuating and intermittent nature. At the same
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time, the DC microgrid system lacks inertia and damping [8].
In the event of large disturbances, the DC bus voltage may
change suddenly. This can be detrimental to the stability of DC
microgrid systems. Therefore, it is an urgent problem for DC
microgrid to suppress voltage fluctuations [6]—[8].

It is noteworthy that, the energy storage converters can
smooth out the power fluctuations due to their energy
regulation capacity [9]-[11]. Several studies have been
conducted to enhance the bus voltage stability of DC microgrid
by optimizing the control of energy storage converters. The
traditional dual closed-loop voltage and current regulation
method utilizing a proportional-integral controller can partially
stabilize the bus voltage. However, since it is inadequate to
provide sufficient inertia and damping, the bus voltage would
fluctuate severely during inrush load disturbances [12], [13]. In
[14] and [15], the DC bus receives additional inertia support by
introducing virtual capacitors into the energy storage converter.
Based on this, a flexible virtual inertia control strategy is
proposed in [16], where the virtual capacitor can be adapted
to changes in the rate of DC bus voltage. However, measuring
the rate of DC bus voltage change requires low-pass filtering
and multiple steps. Additionally, the impact of the virtual
capacitance change rate on control stability is usually ignored.
In [17]-[21], the mathematical model of a DC machine is
equivalently analogous to an energy storage converter, and
a virtual DC machine control (VDMC) method is proposed.
With this method, the damping and inertia characteristics are
introduced into the energy storage converter, which improves
the stability of the DC microgrid to a certain extent.

The aforementioned VDMC strategies offer increased iner-
tia and damping to the DC microgrid, thus partially resolving
the issue of insufficient inertia and damping. Nevertheless,
existing control methods struggle to effectively manage the
bus voltage fluctuations during significant disturbances. In ad-
dition, the traditional VDMC parameters remain constant and
cannot adjust according to the dynamic process of the DC bus,
making it challenging to achieve ideal dynamic regulation
performance [22].

To address such issues, an improved control strategy for the
microgrid energy storage converters is proposed. And the spe-
cific contributions can be summarized as follows:

1) The analysis of bus voltage dynamic process during large
disturbances is conducted, and an armature voltage compensa-
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Fig. 2. Virtual DC machine model.

tion control loop is implemented.

2) The influence of inertia, damping and compensation co-
efficients on the voltage dynamic characteristics are evaluated.
Then, a parameter adaptive control strategy is proposed.

The rest of the paper is organized as follows: In Section II,
the traditional VDMC is added with armature voltage compen-
sation control and the modeling analysis is carried out. By ana-
lyzing the influence of each parameter on the dynamic process,
a new adaptive control method is proposed and the parameters
are designed in Section III. The simulation and experimental
results are performed to verify the design in Section IV. Some
conclusions are finally drawn in the final section.

II. THE ARMATURE VOLTAGE COMPENSATION BASED VDMC

A. The Conventional VDMC

Fig. 1 depicts the structure of a DC microgrid, featuring
various distributed generation devices such as photovoltaics
and wind turbines, energy storage devices, and load devices.
Each component is linked to the DC bus through converters.

When the energy storage converter is controlled by VDMC,
the topology of the energy storage converter and its equivalent
DC machine model are shown in Fig. 2 [16], [22], [23], where
u,is the input voltage of the energy storage converter; j is the
current flowing through an inductor; #; is the output current;
uy, 1s the output voltage; i.e., the DC bus voltage; L, C are the
inductor and capacitor respectively; S,, S, are the switching
tubes; E, is the equivalent DC machine armature potential;
i, is the equivalent DC machine armature current; R, is the
equivalent resistance of the armature circuit.

Referring to Fig. 2, the armature circuit equation of the DC
machine at steady state can be obtained as:

Uge =Ugeo = Ea _iaRa (l)
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Fig. 3. The control loops of VDMC.

where 1, is the steady state voltage; E, = Cigw is the armature
voltage; C; is the torque coefficient; ¢ is the flux per pole and
o is the actual mechanical angular velocity of the DC motor.

The rotor motion equation of a DC machine can be
expressed as:

&—EzJ%?+D@—w@ ?)

where 7,, and 7, are the mechanical torque and electromagnetic
torque of the DC machine respectively; J is the rotational
inertia; D is the damping factor; @, is the rated mechanical
angular speed of the DC machine.

The electromagnetic torque of the DC machine 7, is:

T.=— 3)

where P, is the electromagnetic power.

From (1)—(3), the VDMC block diagram for a conventional
energy storage converter can be depicted as Fig. 3.

By integrating the aforementioned insights and Fig. 2, when
the load is disturbed, the output voltage can be expressed as:

Uge = Ugeo T+ AMdc = Ea - (ia + Aia )Ra (4)

where Aug., Ai, denote the DC bus voltage and current distur-
bances respectively.

From (1) and (4), the value of the DC bus voltage distur-
bance can be obtained as:

Audc =—ALR, (5)

From (5), it can be observed that since the DC bus capaci-
tance is finite, sudden load surges can cause instantaneous
increase in the current. Consequently, the fluctuations in the DC
bus voltage disturbance, represented by Au,., may endanger the
overall stability of the DC microgrid system.

B. The Proposed VDMC

To mitigate the undesirable DC bus voltage fluctuations,
a possible solution is to introduce a compensation link for
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Fig. 4. Disturbance diagram of voltage and current.

the armature voltage E,, as shown in the equivalent model
depicted in Fig. 3. Specifically, when the DC bus voltage
drops, the armature voltage E, can be raised suitably to
counterbalance the voltage change. Conversely, if the DC bus
voltage increases, the armature voltage can correspondingly
get lowered. The compensation mechanism should fulfill two
conditions:

1) The armature voltage compensation should be zero at
steady state.

2) The armature voltage compensation needs to adjust
dynamically in response to the voltage disturbances.

Based on these requirements, the disturbance value Au,, of
the DC bus voltage can be used directly as a compensation to
the armature voltage to suppress fluctuations in the DC bus
voltage.

Once the armature voltage is compensated, the steady output
voltage can be expressed as:

Uge = Ugeo = Ea _iaRa (6)

Thereupon, when the load is disturbed, the output voltage
can be written as:

Uge = Ugeo + Attge =E, — kAuy. — (ia + A, )Ra (7)
Combining (6) and (7), the DC bus can be expressed as:
Auge =—Ai, R, | (1+k) 8)

Referring to (8), it reveals that, during a load disturbance in
the DC microgrid, the voltage disturbance magnitude for the
enhanced VDMC is only 1/(1 + k) of that in the conventional
one, as depicted in Fig. 4. Hence, the energy storage converter
can achieve more mitigation of DC bus voltage fluctuations.

Accordingly, the improved VDMC block diagram can be
obtained as Fig. 5.
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Fig. 5. Control loops of the improved VDMC.

C. Dynamic Response Analysis

To evaluate the influence of control parameters on the im-
proved VDMC, the small-signal modelling approach is ad-
opted. Based on Fig. 2 and (1)—(3), the small-signal model of
the converter can be expressed in Fig. 6. Gy(s) represents the
transfer function of pulse width modulation (PWM), and G,(s),
Gy (5), G;(s), and G,(s) are defined as:

Ie: G ( )
Gi(s) = % ©)
_ G
G,(s) = oD (10)
G5(s) = Gpp (5)Gy (5) (11
G,(5) = G ()G, (s)+k (12)

where Gy (s) = k,, + k,/s and Gpy(s) = k; + ky/s represent the PI
controllers of the voltage and current control loop, respectively.

Therefore, as shown in Fig. 6, the closed-loop transfer func-
tion between Aug, and Au, as well as the transfer function from
Auy, to the disturbance current Aj; can be expressed as (13) and
(14), respectively.

LR v xS
Cr(5)= AAL:C Tl 4, (;)HHZ((?)H3 (s) (14)

M =1 (s[)k C:; L(L;e)(]; }i?ffc);} ST
H,(s)= é (16)

M) =1 +G<2;]((s;)CGsz;]123(s) k+G, (L)Gz(s) +han

The dynamic behavior of the improved VDMC system de-
pends on its parameter values, i.e., J, D, and k. Hence, tuning
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Fig. 7. Output impedance unit step response when the control parameter
changes. (a) Unit step response for a J change. (b) Unit step response for a D
change. (c) Unit step response for a k£ change.

these parameters plays a critical role in optimizing the dynamic
performance of the system.
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Fig. 8. The DC bus voltage dynamic response.

Based on the closed-loop transfer function of (14), the unit
step response of the output impedance G,(s) with varying con-
trol parameters can be obtained, as illustrated in Fig. 7. It can be
observed that, as the inertia J increases, the voltage response be-
comes slower, and the voltage fluctuations become smaller. This
indicates that a higher inertia can improve the system’s ability
to suppress voltage changes, but it will also result in increased
voltage overshoot and longer dynamic time. Conversely, within
a certain range, as the damping factor D increases, the voltage
overshoot reduces significantly, and the time for the system to
recover stability is shorter. Moreover, an increase in the compen-
sation factor & can mitigate the amplitude of DC bus voltage dis-
turbance and voltage overshoot effectively. However, it comes at
the expense of a long time for the system to recover stability.

To summarize, the dynamic characteristics of the system are
greatly impacted by the control parameters. Thus, optimizing
these parameters would significantly enhance the system’s per-
formance.

TIT. PARAMETER ADAPTIVE APPROACH OF THE PROPOSED VDMC

A. Parameter Adaptive Method

As the control parameters of traditional VDMC strategies are
typically unchanged, it is not practical to make real-time adjust-
ments to achieve optimal dynamic regulation performance. To
tackle this issue, a parameter adaptive control method is pro-
posed in this section.

Taking the load power surge as an example, the typical
waveform of the DC bus voltage can be divided into five stag-
es, as shown in Fig. 8. The DC bus voltage operates steadily
from phase 0 to ¢,; from ¢, to ¢,, the DC bus voltage starts to
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TABLE I
THE PARAMETER ADJUSTMENT PROCESS

Stage |Au| Au(du/df) J D k
0-t0  |Au|<uim 0 Jo Do ko
to-ti |Au|Zuwim  Au(du/di)>0 + + +
=ty |Au|Zuwim  Au(du/dr)<0 - + -
Lty |Au|Zuim  Au(du/dn)>0 + + +
6ty |Au|Zuim  Au(du/dn)<0 - + -
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Fig. 9. Diagram of parameter adaptive control.

fluctuate down until it drops to the maximum disturbance
voltage, i.e., Au,,,,. According to the above analysis, a larger J,
D and £ can be used at this time to suppress the fluctuation of
the DC bus voltage, slowing down the rate of voltage change.
From ¢, to ¢, stage, the DC bus voltage starts to recover from
the maximum disturbance voltage to the steady state. Herein, a
smaller J and & should be used to speed up the system recovery,
while increasing D to reduce the overshoot. From ¢, to £, the
bus voltage overshoot and deviation from the steady state value
that is similar to that in the #, to ¢, stage, and a larger J, D and k
should be used. From ¢ to ¢,, the bus voltage recovers from the
deviation value to the steady state one, which is similar to that
in the ¢, to ¢, stage. In this stage, a smaller J and & should be
used to reduce the voltage recovery time. The regulating pro-
cess can be summarized in Table I.

To optimize the dynamic process by adjusting parameters,
an improved dynamic process is designed, as shown in Fig. 9.
During the period when the voltage dips, the parameters of J
and k& gradually get increased according to a first-order function
to reduce voltage fluctuations. During the voltage recovery
period, J and k get decreased according to a second-order
function. Similarly, the damping coefficient D only needs to
increase according to a first-order function.

Accordingly, the tuning principle of J, D and & of the im-
proved VDMC can be expressed as (18)—(20). Since the adap-
tive process for J and k is the same, only the adaptive process
of J is presented here.

From Table I and Fig. 9, the principle for the values of J, D
and k& in VDCM parameter adaptive control can be expressed
as:

A |Au| <uy,

J =4y +h|Ay| |Au| Zu,, and Au% =0(18)

a,(|Au| b))’ + J . |Au| Zuy, and Au% <0

min

D, |Au| <y
D= (19)
D, +h, |Au| |Au| Zu,,
kO |Au| < ulim
d
k=<k,+h, |Au| |Au| = Uy, andAud—L; = 020)

613(|Au|—b3)2 + Ky i |Au| = u,, and Au%<0

where a, =h/(Au,, —2b), b =—¢ +ye +heAu, I h, ¢ =
o= Jomin > & =hy [ (A, —2by), by =—c; +\jcsz +heAu, | h,

C; = Ko = Ko

In (18)-(20), J,, D, and k, denote the initial values of the
inertia, damping and compensation factors, respectively; 4, and
h, are the amplification factors for the inertia J and damping D
factor, respectively, while /4 is the amplification factor for the
compensation factor &; Au is the DC bus deviation value; uy,,, is
the bus voltage difference threshold to determine whether the
DC bus voltage fluctuates. J,,,, is the minimum value for the
inertia parameter.

B. Parameter Tunings

To ensure optimal dynamic performance, it is crucial to con-
duct a comprehensive analysis of the dynamic response for the
selected VDCM parameters. The closed-loop dominant pole
diagrams are plotted with the parameters of J ranging from 0.05
to 2, D varying from 0.2 to 5, and & varying from O to 5, as il-
lustrated in Fig. 10.

As show in Fig. 10(a), as the inertia increases, a set of con-
jugate poles gradually approach the origin. It implies that the
response speed of the enhanced VDMC system slows down,
leading to a higher overshoot and longer response time.

In Fig. 10(b), it can be seen that as the damping coefficient
increases, a pair of conjugate poles gradually approach the
imaginary axis. This suggests that an increase in system damp-
ing will result in a reduction of overshoot. Therefore, if D is too
small, it will lead to reduced system stability. However, if D is
too large, the system damping will become excessive, resulting
in longer dynamic time.

Fig. 10(c) illustrates that as the compensation coefficient in-
creases; a pair of conjugate poles approach both the imaginary
axis and the origin. This indicates that the system damping
would get increased, resulting in a decrease in overshoot and a
reduction in the control system’s response speed. These findings
are consistent with the dynamic analysis results aforementioned.
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Fig. 10. Close loop pole map when the control parameter changes. (a) Varied ./,
(b) Varied D and (c) Varied £.

To ensure safety, it is necessary to consider the influence of
parameters on both system stability and step response charac-
teristics in a comprehensive manner. In a pole-zero plot, if the
poles are too close to the imaginary axis, it can lead to slow
system response and if the poles are too close to the real axis,
it can decrease the stability of the system. As a result, the pa-
rameters of J and D are set to make the phase margin be within

TABLE II
SIMULATION PARAMETERS

Parameters Value
Inductance Li/mH 1
Line resistance r1/Q 0.045
Bus capacitance Ci/puF 470
Input voltage us/'V 50
Rated DC bus voltage uret/V 30
Moment of inertia Jo/(kg-m?) 0.3
Damping coefficient Do

Compensation factor ko

Electromotive force coefficient Ct®/(N-m/A)

Equivalent resistance of armature loop R./Q 0.5

the range 20°-70°, while the steady state value is set to obtain
a phase margin of 40°-50°. Specifically, J is taken as 0.1-1 and
J, is taken as 0.3; D, is set as 2. From the pole-zero plot, it can
be seen that stability gets maintained with the & ranging from 0
to 5. However, if £ is too large, the system’s dynamic time be-
comes too long. Therefore, it is recommended to set the value
of k between 0 and 3.

The stability of DC bus voltage is a critical aspect for the
normal operation of a DC microgrid. The bus voltage should
be within a specific range during system disturbances [24]. In
this paper, the allowed change range is set to be 10% of the
steady-state value, i.e., the maximum disturbance voltage, denot-
ed by Au,,,,. By substituting this value into (19) and (20), and
maintaining a certain margin of safety, it comes out that /2, = 0.2
and 4, =0.2.

IV. SIMULATION AND EXPERIMENTAL VERIFICATION

A. Simulation Studies

To verify the effectiveness of the proposed control strategy, a
simulation model of the DC microgrid was built in the MAT-
LAB/Simulink with the parameters shown in Table II. The
influence of parameters on the dynamic characteristics is ver-
ified, as shown in Fig. 11. It can be observed that increasing
the J will reduce voltage fluctuation, but increase overshoot.
Increasing the damping coefficient D slightly, will reduce the
voltage fluctuation and overshoot, but excessive damping will
lead to extended dynamic time. With an increase in compensa-
tion coefficient k, the voltage fluctuation and overshoot can be
effectively reduced, but the corresponding dynamic time is still
prolonged. It can be seen that the above conclusions are consis-
tent with those obtained through Fig. 7.

As depicted in Fig. 12, the initial value of the DC bus volt-
age is 30V, so the AU,,, is selected to be 10% of the steady
state value, i.e., 3 V. A sudden increase in load power from
30 W to 120 W occurs at 8 s, then the power dropped from 120 W
to 70 W at 12 s. Compared with the conventional VDMC, the
peak DC bus voltage fluctuation with the proposed control gets
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Fig. 11. Simulation waveforms of the influence of parameters on the dynamic characteristics different control strategies during load power changes from 30 W to 90 W.
(a) Inertia J changes. (b) Damping D changes. (c) Compensation coefficient & changes.
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Fig. 12. Simulation waveforms of different control strategies. (a) The traditional
VDMC. (b) The VDMC with armature voltage compensation. (c) The adaptive
control.
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Fig. 13. The adaptive variation process diagram of J, D, and .

reduced from approximately 15 V to 4 V, with the dynamic
response time keeps unchanged. Besides, the bus voltage fluc-
tuation is reduced from approximately 6 V to 2.5 V, with the
dynamic response time extended from 1.8 s to 2 s when the
power dropped. In contrast, the improved adaptive control can
effectively reduce the peak DC bus voltage fluctuation to 2.2
V and the dynamic response time to 1.9 s when the power in-
creased. At the same time, the improved adaptive control also
can reduces the peak DC bus voltage fluctuation to 1.2 V and
the dynamic response time to 1.8 s when the power dropped.
Hence, the improved adaptive control strategy can significantly
enhance the stability of the DC microgrid.

Fig. 13 shows the variation of J, D, and k during the adap-
tive process. It can be seen that when the voltage deviates from
its steady-state value, the virtual inertia (J), damping coefficient
(D), and compensation coefficient (k) will all increase. This can
effectively reduce voltage fluctuations. During the recovery
stage, the value of J, D, and k are gradually decrease, but D is
only decrease to its steady-state value D,. Meanwhile, J and k&
continue to decrease, the voltage recovery rate is accelerated,
the system’s dynamic response time is shortened, and the ab-
sence of any control parameter mutation during the adaptive
process ensures system stability.

B. Experimental Verification

To further validate the effectiveness of the proposed control
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TABLE III
EXPERIMENTAL SYSTEM PARAMETERS

Parameters Value
Inductance Li/mH 1
Line resistance 71/€ 0.045
Bus capacitance Ci/uF 470
Input voltage us/V 70
Rated DC bus voltage ure/V 50
Moment of inertia Jo/(kg-m?) 0.3
Damping coefficient Do 2
Compensation factor ko 2
Electromotive force coefficient Cr®@/(N-m/A) 3
Equivalent resistance of armature loop R./Q 0.5

strategy, a test platform was established in the laboratory, as
depicted in Fig. 14, with the parameters shown in Table III. The
experimental setup encompasses a programmable DC source,
a DC electronic load, a DC/DC converter, a rapid control pro-
totyping unit, an upper computer, an oscilloscope, and a probe.
During the experiment, the input voltage is maintained at 70 V,
while the output voltage command of the converter is set to 50 V.
Then Au,,,, is selected to be 10% of the steady state value, i.e., 5 V.

Fig. 15 displays the output voltage and current waveforms
under different control methods during a sudden change in load
power. The results reveal that the traditional VDMC approach
results in a peak fluctuation of 7 V (14% of the steady state
value of the bus voltage), with a DC bus voltage recovery time
of 1.2 s. When the armature voltage compensation is added,
the voltage fluctuation is about 2 V (4% of the steady state val-
ue), and the dynamic time is about 1.2 s. The DC bus voltage
fluctuation is much less than the traditional VDMC control, but
the dynamic time is not reduced effectively. Contrastively, with
the proposed adaptive control, the voltage is further reduced
to around 1 V (2% of the steady state value), the dynamic time
can be reduced significantly to around 0.4 s.

Based on the experimental findings, it can be inferred that the
improved adaptive control method is highly proficient in suppress-
ing DC bus voltage fluctuations during significant disturbances.

V. CONCLUSION

This paper proposes a voltage compensation approach and
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Fig. 15. Experimental waveforms of different control strategies. (a) The
traditional VDMC. (b) The VDMC with armature voltage compensation. (c)
The adaptive control.

parameter adaptive method for the VDCM of the microgrid
energy storage converters. It comes out that adding armature
voltage compensation can greatly suppresses the bus voltage
fluctuations, but leaves the long response time issue unsolved.
The dynamic characteristics and stability analysis indicate that
a bigger J and £ results in a decrease of maximum voltage de-
viation value, while lengthens the recovery time. Additionally,
a bigger J can lead to an increase in overshoot. On the other
hand, a bigger D will reduce the overshoot and shorten the
recovery time. The adaptive parameter adaptive method can
not only suppress the DC bus voltage fluctuations, but also sig-
nificantly reduce the dynamic recovery time, thus enhance the
stability of the DC microgrid.
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