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DC power distribution systems will play an important role in the future urban power
distribution system, while the charging and discharging requirements of electric vehicles
have a great impact on the voltage stability of the DC power distribution systems. A robust
control method based on H∞ loop shaping method is proposed to suppress the effect of
uncertain integration on voltage stability of DC distribution system. The results of frequency
domain analysis and time domain simulation show that the proposed robust controller can
effectively suppress the DC bus voltage oscillation caused by the uncertain integration of
electric vehicle, and the robustness is strong.
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INTRODUCTION

Electric vehicles have become an important part of the low-carbon economy and the world is also
in the stage of transformation from fuel vehicles to new energy vehicles (Needell et al., 2016; Wang
et al., 2019; Ding et al., 2020; Connor et al., 2021; Zhang et al., 2021). Large-scale electric vehicles
will be connected to the distribution network in the future. At present, the distribution network in
the world is mainly in the form of AC power supply, and it is necessary to realize the charging of
electric vehicles through AC/DC conversion links (Amamra and Marco, 2019; Li et al., 2019; Dong
et al., 2021). So many electric energy conversion links will bring problems such as increased loss
and reduced power efficiency (Rasheed et al., 2019). DC distribution systems has the advantages of
low power loss, high power quality, and easy integration of DC distributed generations and loads
(Rashad et al., 2018; Zhao et al., 2018; Dastgeer et al., 2019; Lin et al., 2019), which is gradually
becoming the new direction of urban distribution system development in the future. However, the
random charging of electric vehicles will cause uncertainty disturbance to the DC distribution
system, which will easily lead to system oscillation and even instability (Staats et al., 1998; Tian
et al., 2016).

Therefore, how to improve the stability of DC distribution system under the uncertain
integration of electric vehicles has become a hot research topic at present. Scholars have put
forward corresponding stability control methods from various points which can be summarized as
follows:

1) Charging power adjustment method (Tabari and Yazdani, 2014; Tabari and Yazdanil, 2016). This
strategy can effectively improve the system stability without changing system parameters or
hardware, but it will have an impact on the charging rate of electric vehicles.

2) Virtual inertia control method. The first-order inertia compensation function is introduced into
the outer loop of power control, which can improve the system damping and enhance the system
stability after the electric vehicle is connected.
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3) Virtual DC motor control method (Radwan and Mohamed,
2012; Alipoor et al., 2015). Based on the conventional double
closed-loop control, the virtual DC motor is introduced to
enhance the damping of the system by simulating the inertia
of DC generator.

4) Nonlinear control (Tan et al., 2016; Tabari and Yazdani,
2014). Using nonlinear compensation function, fuzzy
control, and other methods to improve system damping,
but the control algorithm is more complex.

Most of the above studies do not consider the influence of
uncertainty caused by random charging of electric vehicles.
Therefore, this paper studies the robust stability control of
electric vehicles connected to DC distribution system. In the
manuscript, a model of the DC/DC converter control system is
established and a robust stability controller based on H∞ loop
shaping method is designed to improve the stability of DC bus
voltage and suppress system oscillation under uncertainty.

The major contributions of this paper are summarized as
follows:

1) The uncertain integration of electric vehicles and the
parameter perturbation of the controller affect the voltage
stability of the DC distribution system. Therefore, H∞ loop
shaping method is introduced for DC/DC converters to
improve the robust stability of the system.

2) A robust controller is designed for a DC distribution system
with two EVs integration, and a high-order transfer function
is obtained. For practical engineering application, the Hankel
singular value algorithm is used to reduce the order. And the
frequency domain analyses verify the control effect before and
after order reduction.

3) A simulation model is established with DIgSILENT software,
in which six scenarios are simulated. The simulation results
show that the DC distribution system has good robustness to
uncertain disturbances with the designed controller.

The remainder of this paper is organized as follows. In
Topology of DC Distribution System with Electric Vehicle, a
model of the flexible DC distribution system with electric vehicle
is established.H‘ Loop Shaping Method introduces theH∞ loop
formingmethod, and the robust controller is designed for DC/DC

converter. Frequency domain analysis is performed to verify the
effectiveness of the robust controller in Frequency Domain
Analysis. In Simulation Verification and Analysis, the
effectiveness of the designed robust controller is verified by
simulation. Finally, conclusions are summarized in Conclusion.

TOPOLOGY OF DC DISTRIBUTION
SYSTEM WITH ELECTRIC VEHICLE

The typical topology of DC distribution system is shown in
Figure 1. Its main equipment includes interconnected AC/DC
lines, interconnected AC/DC converters, DC distributed
generations and DC loads, and DC/DC choppers, etc. The
dynamic interaction among various equipment makes the
stability of the system complex.

The AC/DC interconnected converter in Figure 1 is based on
the conventional three-phase bidirectional full-control rectifier
bridge (Yazdani and Iravani, 2010), and its control mode adopts
P-Udc droop control, and the DC/DC chopper is based on the
conventional Buck-Boost circuit.

Control Strategy of Electric Vehicle
Conventional control strategies of electric vehicle chopper are
mainly divided into constant power, constant current and
constant voltage control (Peng et al., 2021). In Figure 1,
droop control is adopted for both sides of interconnected AC/
DC converters to maintain the DC voltage stability in the system,
while constant power control is adopted for electric vehicle
chopper to realize the power balance in the system. When the
electric vehicle is connected to the system for charging without
certainty, the power of the system at the beginning will mutate
and deviate from Pref. According to the P-Udc droop control curve
of AC/DC converter, as shown in Figure 2, when the power is
abrupt, the reference value of the direct current voltage Udc,ref in
the system will also be abrupt, which will cause the fluctuation of
the direct current voltage Udc in the system.

However, when a robust controller is attached to the DC/DC
converter, the power imbalance in the system caused by the
uncertain connection of loads will be greatly reduced, and the
fluctuation of DC voltage in the system will be reduced. In
Figure 2, Kp is the droop coefficient. The constant power

FIGURE 1 | Structure drawing of double-end DC distribution system with electric vehicle.
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control model of the chopper of electric vehicle is shown in the
following Eqs (1) and (2).

Idcref � (Pdcref − Pdc)Gp(s) (1)

α � (Idcref − Idc)Gi(s) (2)

Where: α is the chopper switch control signal; Idc and Idcref
respectively represent the DC current signal and its reference
value of the current inner loop; Gi(s) � Kip + Kii/s is the current
inner loop proportional integral (PI) controller, where Kip and Kii

respectively represent the proportional and integral coefficients of
the current inner loop PI controller; Pdc and Pdcref represent the
active power signal and its reference value of the power outer loop
respectively; Gp(s) � Kpp + Kpi/s is the power outer loop
proportional integral (PI) controller, where Kpp and Kpi

represent the proportional and integral coefficients of the
power outer loop PI controller respectively.

Chopper constant power control strategy is based on the
accurate mathematical model of the system to design the
controller. However, due to the change of the operating
environment, the change of the operating scene and the aging
and damage of the equipment components, there will be some
errors in the system model, so that the controller can not
effectively control the system with errors. The robust control
method based on H∞ loop shaping method is to design the
controller for the system perturbed model, and the additional
robust controller can ensure the voltage stability of the system
under certain load disturbance and parameter perturbation.

Controlled Object Model
According to the actual control system, the control object of
current inner loop is 1/(R0 + sLd), the control object of power
outer loop isUdc, the double closed-loop control block diagram of
constant power control is shown in Figure 3, where R0 and Ld are
the energy storage inductance and resistance of chopper, and n is
the noise signal of voltage and current transformers during
sampling. The left dotted line frame in the figure represents
the robust stability controller designed, and the right dotted line
box is the controlled object of the system.

Therefore, it can be seen from the black dotted box on the right
side of Figure 3 that the controlled object G(s) is:

G(s) � Udc(KipKpps2 + (KipKpi + KppKii)s + KiiKpi)
Lds3 + (R0 + Kip)s2 + Kiis

(3)

The constant power control block diagram shown in Figure 3
is transformed into the standard feedback structure diagram
shown in Figure 4, Wherein, K(s) represents the robust
controller H∞, and d represents the output disturbance.
According to Figure 4, the relationship between the system
output power P and the noise signal n can be obtained:

P � GK
1 + GK

(Pref − n) + 1
1 + GK

d (4)

As can be seen from Eq. 4, in order to reduce the influence of
output disturbance d on system stability, σ( 1

1+GK)≪ 1, that is
σ(GK)≫ 1 needs to be satisfied. In order to reduce the influence
of transformer noise on system stability, it is required to satisfy
σ( GK

1+GK)≪ 1, that is, σ(GK)≪ 1. Therefore, in the design of
robust controller, anti-interference and noise reduction of
transformer should be considered in a compromise.
Considering that the output disturbance d mainly occurs in
the low frequency domain, while the noise n of the
transformer is significant in the high frequency domain, so the
design of robust controller is considered in low frequency band
σ(GK)≫ 1 and high frequency band σ(GK)≪ 1. σ(·) stands for
finding the singular value.

H‘ LOOP SHAPING METHOD

Design Steps of H‘ Loop Shaping Method
H∞ loop shaping method combines the advantages of H∞
technology and loop shaping method. When using this

FIGURE 3 | Block diagram of constant power control of chopper.

FIGURE 4 | Standard feedback structure diagram.

FIGURE 2 | P-Udc droop control schematic diagram.
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method to design robust controller, it can achieve the
requirements of robust stability and robust performance at the
same time. The design of robust controller is divided into the
following three steps (Zhou et al., 1996):

1) Loop shaping. The requirements of the system for low,
medium and high frequency are as follows: ① the low-
frequency open-loop singular value is large, so as to
improve the anti-disturbance ability of the system; ②

the intermediate frequency curve transition is gentle,
and its slope should be between (−40)dB/sec and (−20)
dB/sec, so as to broaden the bandwidth of the system; ③
the high-frequency open-loop singular value is small, so as
to improve the ability of the system to deal with unmodeled
dynamics. According to the above requirements, the open-
loop singular value shape Gs(s) of the expected system is
determined as (Shen, 2016):

Gs(s) � a
bs2 + cs + d

, b≠ 0 (5)

Among them, parameter a determines the low-frequency gain, b
and c are used to adjust the cut-off frequency of the singular value
curve, and d represents the steady-state error of the system.

2) Robust stabilization.

The maximum robust stability margin is calculated:

εmax � (inf�������[ IK ](I + GsK)−1M−1
�������∞)

−1
�

������������
1 − ����N M

����2H
√

< 1

(6)

Where N(s) and M(s) are the normalized left coprime
decomposition of the expected system Gs(s), and εmax

represents the maximum allowable uncertainty disturbance of
the system. When εmax is 0.15–1, the system is considered to have
good robust stability. If εmax ≪ 1, it is considered that the
robustness of the system is not enough, and the loop shaping
must be carried out again in 1) Loop shaping to obtain the desired
shape of open-loop singular value.

3) Select ε≤ εmax and get the robust controller K(s) from
loopsyn command in MATLAB.

Robust Controller Design
The structure diagram of double terminal DC distribution system
is established as shown in Figure 1, in which the parameters of

DC distribution system and the parameters of each converter are
shown in Tables 1, 2 respectively.

From Eq. 3, the open-loop transfer function of the controlled
object is obtained as follows:

G(s) � 0.022s2 + 19.8s + 1760
0.005s3 + 0.21s2 + 11s

(7)

According to the requirements of loop forming in 1) Loop
shaping, the expected open-loop singular value curve is selected
as follows:

Gs(s) � 20000
s2 + 9.86s + 1.01

(8)

εmax � 0.3833 can be obtained from Eq. 6, which meets the
requirements of the system for robustness. The robust controller
K(s) is obtained by loopsyn command, as shown in Eq. 9:

K(s) � 4.441×10
−16s8 +9.512×10−12s7 +4.338×107s6 +1.822×1011s5+

s8 +9439s7 +2.744×107s6 +2.447×1010s5 +7.098×1012s4+ →

1.876×1013s4 +8.627×1014s3 +2.44×1016s2 +1.087×1013s+1.199×1019
5.38×1014s3 +4.645×1015s2 +4.762×1014s+1.16×1011

(9)

Because the order of the controller is 8, which is not conducive
to practical engineering application, Hankel singular value
algorithm is used to reduce the order, as shown in Eq. 10:

Kh � 0.0033233s5 +4.338×107s4 +4.529×109s3 +2.092×1011s2 +5.956×1012s+1.199×109
s6 +5343s5 +5.558×106s4 +1.701×109s3 +1.311×1011s2 +1.134×1012s+1.16×1011

(10)

Comparing the frequency response curves of the robust
controller before and after order reduction, as shown in
Figure 5, it can be found that the control effect is basically the
same before and after order reduction.

FREQUENCY DOMAIN ANALYSIS

The curves of open-loop singular value and closed-loop singular
value of the system before and after the additional robust
controller for EVs are compared, as shown in Figures 6, 7
respectively. It can be found that the low-frequency gain of
the open-loop singular value is larger and the high-frequency
value decays rapidly by adding the robust controller, and the low-
frequency amplitude of the closed-loop singular value is 0 and the
peak is smaller after adding the robust controller, which is
conducive to the signal tracking and disturbance suppression.

TABLE 1 | DC distribution system parameters.

Subsystem Parameter name Value

Input voltage Ug 220 V
AC side grid 1/2 AC line Rg/Lg 0.018Ω/0.5 mH

Filter circuit Rf/Lf/Cf 0.05Ω/
2mH/45 μF

Common bus voltage Udc 800 V
DC side part DC load 1/2 5,5/kW

DC line R/L 7 mΩ/0.22mH
Energy storage inductor of chopper Ld/R0 5mH/0.1Ω

TABLE 2 | Converter control parameters.

AC/DCconverter 1/2 DC/DC converter 1/2

Droop coefficient Kp 1.5
Inner loop scale factor Kip 0.11 0.11
Integral coefficient of inner
loop Kii

11 11

Ratio coefficient of outer
loop Kpp

0.205 0.1

Integral coefficient of outer
loop Kpi

4.27 80

Frontiers in Energy Research | www.frontiersin.org August 2021 | Volume 9 | Article 7406984

Teng et al. Robust Control of Electric Vehicles

https://www.frontiersin.org/journals/energy-research
www.frontiersin.org
https://www.frontiersin.org/journals/energy-research#articles


SIMULATION VERIFICATION AND
ANALYSIS

In order to verify the effectiveness of the designed robust controller,
the system shown in Figure 1 is built in DIgSILENT simulation
software, in which two DC buses are used to simulate different
integrated points of electric vehicles. Using the control variable
method, only the analyzed parameters and load disturbance are
variable. This paper analyzes the voltage fluctuation of DC
distribution system before and after adding robust controller when
one or two electric vehicles are connected with preset chopper
parameters (Table 2) and the proportion and integral coefficient
of chopper power outer loop and current inner loop change.

In this paper, the following six working conditions are
simulated and analyzed.

Condition 1: when an electric vehicle is connected (Chopper
operates with parameters in Table 2). The left DC bus is
connected to the electric vehicle at 10 s, and the simulation
ends at 15 s. The fluctuation of DC voltage of left DC bus before
and after adding robust controller is shown in Figure 8.

It can be seen from Figure 8 that when an electric vehicle is
connected to the system, the DC bus voltage oscillates, and the

oscillation amplitude is large, which makes the stability problem
of the system decrease; while the oscillation amplitude of the
system with a robust controller is small, and the adjustment time
is short, because the system with a robust controller is less
sensitive to the integration of the electric vehicle, and can still
maintain the operation of the system in a better station.

Condition 2: when two electric vehicles are connected at the
same time (Chopper operates with parameters in Table 2). The
two DC buses are connected to the electric vehicle at 10 s, and the
simulation ends at 15 s. The fluctuation of DC voltage of left DC
bus before and after adding robust controller is shown in
Figure 9.

It can be seen from Figure 9 that when two electric vehicles are
connected to the system, the DC bus voltage impulse system is
larger and the oscillation time is longer than when one electric
vehicle is connected to the system; similarly, adding a robust
controller based on uncertainty modeling can reduce the
oscillation amplitude and the regulation time of the system.

Condition 3: when an electric vehicle is connected, its chopper
parameter Kpp is perturbed. The left DC bus connected to the
electric vehicle at 10 s, and the simulation ends at 15 s. The
chopper parameter Kpp becomes 0.4, and other parameters
remain unchanged. The fluctuation of DC voltage of left DC

FIGURE 5 | The frequency response curves of the robust controller
before order reduction and after order reduction.

FIGURE 6 | Open-loop singular value curve after adding robust
controller.

FIGURE 7 | The closed-loop singular value curves of the system before
and after the addition of the robust controller.

FIGURE 8 | DC bus voltage waveform when an electric vehicle is
connected to the system.
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bus before and after adding robust controller is shown in
Figure 10.

As can be seen from Figure 10, compared with the chopper
operating with preset parameters (Table. 2), when the chopper
parameter Kpp is perturbed, the DC bus voltage oscillation
amplitude is larger and the oscillation time is longer; when the
robust controller is added, the sensitivity to the perturbation
change of control parameters is lower, the oscillation amplitude
change is smaller and the adjustment time is shorter.

Condition 4: Kip parameter perturbation of chopper when an
electric vehicle is connected. Assuming the left DC bus is
connected to the electric vehicle at 10 s and the simulation is
finished at 15 s, the chopper parameter Kip becomes 0.4. The
fluctuation of DC voltage of left DC bus before and after adding
robust controller is shown in Figure 11.

As can be seen from Figure 11, compared with the chopper
operating with preset parameters (Table 2), the DC bus voltage
oscillation amplitude is larger when the chopper parameter Kip is
perturbed, while the sensitivity to the perturbation change of
control parameters is lower when the robust controller is added,
and the oscillation amplitude changes less, and the adjustment
time is shorter.

Condition 5: when an electric vehicle is connected, its chopper
parameter Kpi is perturbed. The left DC bus is connected to the

electric vehicle at 10 s, and the chopper parameter Kpi is changed
to 100 at 15 s. The fluctuation of DC voltage of left DC bus before
and after adding robust controller is shown in Figure 12.

As can be seen from Figure 12, compared with the chopper
operating with preset parameters (Table 2), the DC bus voltage
oscillation amplitude increases when the chopper parameter Kpi

of electric vehicle is perturbed, while the sensitivity of the added
robust controller to the perturbation changes of control
parameters is lower, the oscillation amplitude changes less,
and the regulation time is shorter.

Condition 6: when an electric vehicle is connected, its chopper
parameter Kii is perturbed. The left DC bus is connected to the
electric vehicle at 10 s and the simulation is finished at 15 s, and
the chopper parameter Kii becomes 13.75. The fluctuation of DC
voltage of left DC bus before and after adding robust controller is
shown in Figure 13.

As can be seen from Figure 13, compared with the chopper
operating with preset parameters (Table 2), when the chopper
parameter Kii is perturbed, the DC bus voltage oscillation
amplitude increases, and the minimum oscillation amplitude
reaches 0.794 kV; while the robust controller is added, the
sensitivity to the perturbation changes of control parameters is
lower, the oscillation amplitude changes less, and the adjustment
time is shorter.

FIGURE 9 | DC bus voltage waveform when two electric vehicle is
connected to the system.

FIGURE 10 | DC bus voltage waveform when chopper Kpp is perturbed.

FIGURE 11 | DC bus voltage waveform when chopper Kip is perturbed.

FIGURE 12 | DC bus voltage waveform when chopper Kpi is perturbed.
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From the above simulation results, it can be seen that the robust
controller based on H∞ loop shaping method fully considers the
influence of electric vehicle integration and chopper parameter
perturbation onDC voltage stability, which can effectively improve
the stability of the system and ensure the robustness.

CONCLUSION

In order to suppress the influence of uncertain integration of
electric vehicles in DC distribution systems, a robust stability
controller is designed based on loop shaping method in this
paper, with the advantages of.

1) The robust controller can improve the voltage stability of the
system effectively, without establishing the precise mathematical

model of the system, and the sensitivity to load disturbance and
parameter perturbation is weak.

2) When the order of robust controller is high and it is difficult to
be used in engineering practice, Hankel singular value
algorithm can be used to reduce the order, and the control
effect before and after reduction is basically the same.
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