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As a complex dynamically strongly coupled system, DC distribution system often
suffers from voltage collapse due to system resonance. In order to suppress
distribution network resonance and bus voltage fluctuation, this paper proposes a
hybrid control algorithm to suppress DC distribution system resonance to further
enhance DC system stability. In this paper, the output voltage of the line regulation
converter (LRC) is the target of the study. A current predictionmodel is introduced
in the inner loop of the converter control, which can enhance the dynamic
responsiveness of the system and eliminate the PWM modulator and
parameter tuning, achieve the unitization of the inner loop of the current. By
constructing the inverse model of the controlled object, the outer voltage loop is
unitized under the control of two-degree-of-freedom. The hybrid control enables
the bus voltage to follow the reference voltage exactly, which suppresses
resonance peaks in the voltage transfer function and reduces bus voltage
fluctuations. Finally, the proposed hybrid control algorithm is simulated and
verified in MATLAB/Simulink platform. The results show that the control
strategy can effectively suppress the resonance and bus voltage fluctuation of
the DC distribution system and enhance the dynamic characteristics and anti-
interference capability of the distribution network.
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1 Introduction

In recent years, low-voltage DC power distribution technology (Pan et al., 2020;
Prabhakaran and Agarwal, 2020; Zhao et al., 2021) has gradually developed with the
wide application of high-voltage DC transmission technology in power systems.
Compared with AC distribution systems, DC distribution systems have no problems of
system synchronization, frequency regulation and reactive power control, and they also have
the advantages of high transmission efficiency and low construction cost (Zhang and Ruan,
2019; Jiang et al., 2020). However, there are various technical challenges to the further
utilization of the DC power distribution system, among which the resonance problem is
particularly prominent, which may lead to bus voltage collapse and affect the normal
operation of the distribution system.
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1.1 Previous and related work

The DC power distribution system usually rely on various power
electronic converters to access distributed power sources such as
photovoltaic cells, fuel cells, and wind turbines (Su et al., 2018).
These distributed power sources are influenced by environmental
and climatic factors, while the power electronic converters have
nonlinear characteristics and the constant power load (CPL) in the
system have negative impedance properties (Li et al., 2021), which
make the DC distribution system prone to instability. The existing
research on the analysis of DC distribution system instability
mechanism is mainly divided into two kinds of analysis: small
signal stability analysis and large signal stability analysis. Small
signal stability analysis includes impedance matching analysis
based on frequency domain (Shafiee et al., 2014; Gao et al., 2017)
and eigenvalue analysis (Su et al., 2018; Cheng et al., 2020) and uses a
linearization method to determine the stability of the system when it
is subjected to small disturbances near the operating equilibrium
point. The large-signal stability analysis (Martínez-Treviño et al.,
2021; Kowsari et al., 2021) focuses on the effects of large
disturbances such as sudden load changes and load dumping on
system stability, and estimates the asymptotic stability region of the
system by combining model construction with stability theorems.
According to the study, constant power load (Hamzeh et al., 2016;
Kim et al., 2016; Xu et al., 2019) has a large impact on the DC
distribution system, and its negative impedance nature amplifies the
disturbance signal, which leads to the system instability by failing to
satisfy the stability criterion (Tabari and Yazdani, 2014). To address
the impact of constant power load, a distributed nonlinear controller
based on event-triggered communication is proposed in the
literature (Han et al., 2018), which enhances the damping
performance of the system while achieving accurate equalization
and voltage regulation in the DC distribution system. In addition,
using time-stamp technique and network delay compensator to
calculate and compensate the time delay can enhance the
effectiveness and robustness of the system (Vafamand et al.,
2019) and enhance the effect of constant power load effects.

The main concern of the current research on DC distribution
system is the overall stability of the system, while the resonance
problem of the stability problem, which is the focus of the research
on AC system, is often neglected in DC system, so a comprehensive
and in-depth study of the resonance problem in the DC area is
needed. At this stage, the research methods for DC resonance
suppression are mainly active damping methods that do not
generate additional losses. Literature (Zhang et al., 2022; He
et al., 2020) used the stability enhancement method of virtual
impedance to improve the resonance suppression capability of
DC system, but this kind of method is easy to cause the output
power of the converter to exceed the limit. Literature (Wu et al,
2017) simulates the rotational inertia and damping capacity of a
virtual synchronous generator in a DC system to suppress
resonance. This kind of method does not require precise
acquisition of system parameters, but it tends to lead to uneven
power distribution because it needs to be coupled with sag control.
Another part of the study found that for the second harmonic on the
DC bus and the bandwidth limitation of the voltage control loop, the
resonance effects can be eliminated by enhanced trap filters and
resonance regulators (Liu et al., 2020), but this method requires the

establishment of a high-order system impedance transfer function,
which complicates the analysis process. The literature (Ye et al.,
2017) modifies the DC converter output terminal characteristics
from the perspective of system impedance to eliminate the system
resonance path, thus suppress resonance. Although this method uses
a reduced-order impedance model, which does not require the
establishment of complex impedance transfer function
expressions, there are still some errors in the actual model. Based
on the existing research on DC distribution system resonance, the
reasons for DC distribution system resonance can be summarized
into two aspects: the converter itself and the interaction between
different converters. The converter itself causes include.

1) The existence of nonlinear switch makes the system often run
nonlinear phenomenon.

2) The high order system composed of filter unit and line
impedance makes the transfer function prone to resonance
peaks.

Reasons for different converter interactions include.

1) The filtering devices and line impedances of different converters
interact.

2) The interaction between the power supply and the constant
power load generates resonance.

At the same time, micro source output change, load mutation
and working mode change are easy to increase the resonant risk,
resulting in bus voltage fluctuation.

1.2 Contributions

In view of the above research, this paper proposes a resonance
suppression strategy for DC distribution systems based on a
hybrid control algorithm. This strategy takes the LRC, which
causes the resonance of the DC distribution system, as the
research object, and combines two-degree-of-freedom control
and current model prediction control to accurately suppress the
resonance of the DC bus voltage with known distribution system
structure and parameters. According to the author’s knowledge,
the innovations of this paper compared with other studies are as
follows: 1) The reduced order hybrid control algorithm is
proposed in the LRC for the first time. Compared with the
conventional voltage-current double closed-loop control and
single two-degree-of-freedom control, the completely reduced
order hybrid algorithm has great advantages in dynamic response
speed, flexibility of processing system constraints, etc. At the
same time, it also eliminates the PWM modulator and tuning of
control system parameters, which improves the closed-loop
characteristics of the system. 2) The proposed method
eliminates the resonant peak in the transfer function of the
LRC output voltage and the dynamic interaction between
converter units, effectively suppressing the resonant problem
of the DC distribution system and the bus voltage fluctuation
phenomenon, and maintaining the bus voltage stability of the
distribution network. 3) The method in this paper realizes the
unitization of voltage and current transfer function. The
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influence of line parameters and distributed capacitance is
eliminated in the outer loop, and the prediction of current in
the inner loop enhances the robustness of the system and
improves the power supply quality of the distribution network.

The rest of this work is structured as follows: Section 2
describes the DC distribution system modeling process
including various types of power supplies and loads. Section 3
analyzes the resonant characteristics of the DC distribution
system under the conventional voltage and current double
closed-loop control. In Section 4, the reduced order hybrid
control algorithm is proposed and the resonant characteristics
of the distribution network are analyzed. In Section 5, MATLAB/
Simulink is used to build the DC distribution system topology,
which verifies the superiority of the new control strategy for the

resonant suppression of the DC distribution system and the
reduction of bus voltage fluctuation. Section 6 summarizes this
work and looks forward to future work.

2 DC distribution system modeling

Figure 1 shows the typical structure of a DC distribution
system, which consists of an AC power grid, distributed power
supply, energy storage device and various loads. For a DC/DC
converter where the load is purely resistive, the output power
of the converter remains constant as long as the output voltage
of the converter is strictly regulated to be constant, and in turn
the input power is almost constant, so this converter can
simulate a realistic constant power load (Hassan et al.,
2019). Both the grid and the distributed power sources are
connected to the DC bus through power electronic converters
to inject energy into the system and support the stable
operation of various loads.

Because there are many kinds of power electronic devices
involved in the operation process of DC distribution system, it is
easy to produce complex interactions. In order to verify the
accuracy of the proposed algorithm, a simple DC distribution
system model as shown in Figure 2 is built according to the LRC,
constant power load model and multiple photovoltaic cell
models. The model consists of two LRCs and two CPLs. Due
to the instability of the photovoltaic system output, it is used as a
constant power micro source to add light at 2 s and cut off light at
4 s, so as to simulate the influence of photovoltaic on the whole
system in light and dark conditions. Ceq is the bus support
capacitance, Cxi, Rxi is the line distribution capacitance. The

FIGURE 1
Architecture of the DC distribution system.

FIGURE 2
Simple model of DC distribution system.
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specific values of various system parameters in the figure are
shown in Table 1, and the control parameters are shown in Table
2. The values of parameters listed in the table are the optimal
parameters verified by seveal simulations.

3 Analysis of DC distribution system
resonance under conventional control

For DC distribution system, the most important thing is to
control bus voltage fluctuation and suppress system resonance. The
equivalent impedance analysis can effectively determine the
resonance of the system. By studying the LRC output voltage
transfer function, we can obtain the bus voltage fluctuation of the
DC distribution system, which provides a theoretical basis for
suppressing resonance and bus voltage fluctuation.

In this paper, the photovoltaic system controlled by MPPT is
connected to the power grid as a micro-source disturbance.
Therefore, during the resonance analysis, the small-signal
equivalent circuit of the DC distribution system, as shown in
Figure 3, is established only according to the small-signal models

of LRC and CPL. Where, ZLRCi is the equivalent impedance of LRC.
ΔuLRC is the voltage source obtained by the LRC through the
Davinin equivalent transformation. YCPLi is the equivalent
admittance of CPL. ΔiCPL is the current source obtained by the
Norton equivalent transformation of the CPL. Yceq is the equivalent
admittance corresponding to the bus support capacitance. By further
simplifying the small signal equivalent circuit, the distribution
network model can be obtained including the power supply
subsystem and the load subsystem equivalent, where ZLRC =
ZLRC1//ZLRC2, YCPL = YCPL1+YCPL2+YCeq.

ZLRC and ZCPL can be expressed by Eq. 1, where φ1 and φ2 are the
phase of the equivalent impedance of LRC and CPL respectively.
LLRC and RLRC are the inductive and resistive parts of the equivalent
impedance of LRC. CCPL and RCPL are the capacitive and resistive
parts of the equivalent impedance of CPL, respectively.

ZLRC � ZLRC| |ejφ1 � sLLRC + RLRC

ZCPL � 1
YCPL

� 1
YCPL

∣∣∣∣∣∣∣
∣∣∣∣∣∣∣ejφ2 � 1

sCCPL
+ RCPL

⎧⎪⎪⎨⎪⎪⎩ (1)

The expression of DC bus voltage can be calculated as follows:

TABLE 1 Parameter oF DC distribution system.

Symbol Quantity Numerical values

usi Energy storage device body power supply 200 V

Coi/Roi Voltage regulator capacitors and their parasitic resistors 100 μF/0.1Ω

Lsi/Rsi Boost inductors and their parasitic resistance 5 mH/0.1Ω

Rd Sagging coefficient 0.5

Cini/Rini Input capacitors and their parasitic resistance 100 μF/0.1Ω

Rloadi Resistive loads 2.5Ω

Lni/Rni Output inductors and their parasitic resistance 5 mH/0.1Ω

Cri/Rri Load regulator capacitors and their parasitic resistance 1000 μF/0.1Ω

LLi/RLi Line impedance 0.5 mH/0.1Ω

Cxi/Rxi Line distributed capacitance 100 uf/0.1Ω

Ceq Busbar support capacitor 1 mF

udc DC busbar voltage 300 V

Cpv Photovoltaic array output filter capacitor 100 μF

Lpv/Rpv Boost converter energy storage inductance 5 mH/0.1Ω

Cz/Rz Boost converter output filter capacitance 100 μF/0.1Ω

TABLE 2 Control parameters.

Controller scaling factor Numerical values Controller integration factor Numerical values

KLup 0.08 KLui 15

KLip 0.0165 KLii 4

KCup 3.21 KCui 150

KCip 0.03 KCii 0.2

Ku_p 0.08 Ku_i 7
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Δudc � ΔuLRC + ΔiCPL · ZLRC

1 + ZLRC · YCPL
(2)

According to the established distribution network equivalent
model, the frequency responses of the LRC equivalent impedance
ZLRC and the CPL equivalent impedance ZCPL = 1/YCPL are shown
in Figure 4. Literature (He et al., 2013) points out that when the
equivalent impedance of the power supply and the equivalent
impedance of the load cross, the two subsystems may interact.
Therefore, at the frequency of 17.9 and 1030 Hz in Figure 4, the
amplitude characteristic curves of ZLRC and ZCPL have intersection
points A and B, respectively, and the phase difference between
ZLRC and ZCPL at point A is much less than 180°, so there is no
interaction between them. At point B, the phase difference between
the two is close to 180°, which means that the power subsystem
interacts with the load subsystem at this frequency point. And at
the intersection B, LRC appears capacitive and CPL appears
inductive, which forms a resonant loop for the whole system.
Observe the DC bus voltage expression of Eq. 2 so that the
denominator part is zero, which can be approximated as shown
in Eq. 3, which is similar to the second-order system expression 4).
Therefore, the damping coefficient of the micromesh at the
resonant frequency can be obtained according to the
characteristics of the second-order system, as shown in Eq. 5.

1 + ZLRC · YCPL � s2CCPLLLRC + sCCPL RLRC + RCPL( ) + 1
sCCPLRCPL + 1

� 0 (3)

s2 + 2αωs + ω2 � s2CCPLLLRC + sCCPL RLRC + RCPL( ) + 1 � 0 (4)
α � cosφ1 + cosφ2( )

2
												
sinφ1 · sinφ2

∣∣∣∣ ∣∣∣∣√ (5)

FIGURE 3
DC distribution system small signal equivalence model.

FIGURE 4
Bode chart for ZLRC and ZCPL.
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By substituting φ1 = -74.4° and φ2 = 77.1° into the damping
coefficient formula, the equivalent damping coefficient is about
0.25, so the system does not have enough damping to suppress
the resonance. Therefore, there is a risk of resonace in the DC
distribution system under conventional control.

Take LRC1 in simple DC distribution system model as an
example. The conventional control of LRC adopts voltage and
current double-loop control, and the droop control (Sharma
et al., 2023) is adopted between different LRC to ensure power
distribution. The control block diagram is shown in Figure 5. Where
Rd is the sag coefficient; GLu is the conventional voltage outer-loop
transfer function; GLi is the conventional voltage inner-loop transfer
function.Gdc is the transfer function expression of duty cycle dL to im
obtained from the dynamic mathematical model of the LRC after
small signal processing; GCo denotes the frequency domain model of
the voltage regulator capacitor and its parasitic resistance; GLL

denotes the frequency domain model of the line conductance;
GCx represents the frequency domain model of line distributed
capacitance.

According to Figure 5, the following control system output
voltage transfer function can be found:

udc

udc ref
�

GLuGLiGdcGCoGLLGCx

1 + GLiGdc + GCoGLL + GLLGCx + GLuGLiGdcGCoGLLGCx + GLuGLiGdcGCoGLLRd + GLiGdcGCoGLL + GLiGdcGLLGCX

(6)

Here,

GLu � KLup + KLui

s

GLi � KLip + KLii

s

Gdc � 1 −DL( ) sUdcCo1 Rload + Ro1( ) + 2Udc[ ]
Rload sLL1 + RL1 + 1 −DL( )2[ ] − Udc

1 −DLRload( ){ }
÷ 1 + sRo1Co1 1 −DL( )2

sLL1 + RL1 + 1 −DL( )2[ ]
GCo � 1

sCo1
+ RCo1

GLL � 1
sLL1 + RL1

GCx � 1
sCx1

+ Rx1

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(7)

The output voltage transfer function udc/udc_ref shown in Eq. 6 of
the control system has complex high order. In MATLAB, the above
formula is used to calculate the highest order term of the numerator
to the 29th power and the highest order term of the denominator to
the 31st power. Based on the analysis of the system structure, it can

be seen that the parallel operation of multiple power supply system
makes the voltage fluctuation of the distribution network more
severe, and the CPL of constant power load has the negative
impedance characteristic, which further affects the complexity of
the voltage fluctuation of the DC distribution system. According to
Eq. 6, the Bode diagram of the LRC output voltage under
conventional voltage and current double-loop control can be
drawn, as shown in Figure 6. In the figure, the amplitude-
frequency characteristic curve of the system appears a resonant
peak at a frequency of about 767Hz, with a peak value of −25dB, and
the phase-frequency characteristic curve of the system also
plummets at this frequency. Therefore, it can be seen that the
output voltage of the system is easily affected by interference,
which will cause fluctuations and affect the stability of the bus
voltage.

4 Reduced-order hybrid control
algorithm

In literature (Xiong et al., 2020), the two-degree-of-freedom
control of double-loop is adopted to simplify the transfer function
and suppress the resonant peak of the multi-inverter system.
However, the differential link is introduced into the inner current
loop of the control, which is easy to magnify the error. In view of
this, a fully reduced-order hybrid control algorithm is proposed in
this paper. The algorithm improves the current inner loop of the
controller by introducing a current prediction algorithm. And it is

FIGURE 5
Conventional control block diagram of simulated energy storage devices.

FIGURE 6
Conventional control of the Bode diagram.
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used in the DC system to control the output voltage of the LRC. That
makes the DC bus voltage follow the reference voltage, enhances the
robustness of the system and suppresses resonance and bus voltage
fluctuations in the DC distribution system.

4.1 Current prediction model control

Compared to conventional PI control, predictive current control
(Cheng et al., 2018; Shan et al., 2019; Restrepo et al., 2020) has great
advantages in dynamic responsiveness and the accuracy of
processing system constraints. It also eliminates the need for
PWM modulators and control system parameter tuning, resulting
in enhanced closed-loop characteristics and robust performance of
the device (Nguyen and Jung, 2018).

According to the dynamic mathematical model of the LRC
established above, we discretize the inductance current of the
boost inductor Ls by the first-order Euler method to obtain:

i1s k + 1( ) � us k( ) − Rsis k( )[ ]Ts

Ls
+ is k( ), dL � 1

i2s k + 1( ) � us k( ) − udc k( ) − Rsis k( )[ ]Ts

Ls
+ is k( ), dL � 0

⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩ (8)

Here, Ts is the sampling period; i1s (k+1) and i2s (k+1) are the boost
inductor current values predicted in the second step at different
switching states. To ensure that the control system can follow the
output signal ins (k+1) accurately, the following value function is defined:

fi � is ref k + 1( ) − ins k + 1( )∣∣∣∣ ∣∣∣∣ (9)

Figure 7 shows the current in-loop predictive control framework of
the LRC. Firstly, parameters such as is and udc are collected as the current
quantity inputs, and the current predictive model is used to calculate the
current values of the boost inductor under different switching states, and
finally the optimal group is selected by the objective function to control
the on/off of the switching tubes, thus realizing fast current regulation.
Figure 8 shows the flowchart of the optimization search.We consider the
existence of control delays in digital control systems, the suitable
switching signal calculated at time k does not act directly on the

system at time k+1, but waits until time k+2 to make the switching
tube act. Therefore, a two-step prediction is used to compensate for the
delay. The actual current value at time k is sampled to calculate the
current value at time k+1, and the predicted current value at time k+2 of
the switching tube is obtained from the calculated current value. Finally,
the control objective is achieved by seeking the objective function and
applying the switching sequence to the switching tube.

4.2 Two-degree-of-freedom control

Figure 9 shows the block diagram of the two-degree-of-freedom
control.WhereM(s) andH(s) are the input and output signals, respectively;
J(s) and T(s) are the feedback link and the target object, respectively; B(s) is
the feedforward controller; and E(s) is the input and output errors.

According to Figure 9, if B(s) = 1/T(s) is controlled, the following
transfer functions between H(s) and M(s), E(s) and M(s) can be
obtained:

H s( ) � M s( ) + T s( )
1 + J s( )T s( )D s( )

E s( ) � 0
1 + J s( )T s( )M s( ) − T s( )

1 + J s( )T s( )D s( )

⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩ (10)

From Eq. 10, there is a term in the expression of H(s) and E(s)
with respect to the perturbation signal I(s). In order to make the
error E(s) equal to 0 and H(s) trackM(s) completely, the part of the

FIGURE 7
Current in-loop predictive control framework.

FIGURE 8
Evaluation process flow chart.

FIGURE 9
Two-degree-of-freedom control block diagram.
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whole block diagram containing the disturbance signal I(s) is
adjusted in the control system by adjusting J(s) to minimise the
effect on the system. When this part is small enough then H(s) is
realised to track M(s) completely and the error E(s) is eliminated.
With a single gain from M(s) to H(s) at all frequencies, the system
bandwidth limitation is eliminated.

The overall control framework of the reduced order hybrid control
algorithm is shown in Figure 10. Among them, the current inner loop
part of the algorithm is the current model predictive control with Ls as
the control object. The predicted current under different switching
states is calculated by using Eq. 8, and the switching sequence of the
control switch tubes S1 and S2 is obtained by value function Eq. 9 to
ensure that LRC has good dynamic and static performance. At the
same time, the PWMmodulator and the tuning of the control system
parameters are omitted. The converter switching frequency is reduced
and no longer fixed, reducing the likelihood of resonance. Since the
current prediction model is used as the current inner loop strategy of
the control system, the transfer function of the input reference current
signal im_ref and the output current im are also unitized (Changliang
et al., 2014), that is, im/im_ref = 1. As the control object of the voltage
outer loop, in order to achieve the bus voltage udc and its reference
value udc_ref equal, that is, udc/udc_ref = 1. According to the two-degree-
of-freedom control principle, T(s) is constructed as the inverse model
of the controlled object to eliminate the influence of the line impedance
in the output voltage transfer function of the converter. Meanwhile,
manual adjustment is combined with Matlab automatic adjustment
tool to input small step signals into the system to observe the output
voltage changes and determine the optimal parameters of PI controller
in J(s). Finally, the order of the system can be completely reduced. By
combining Figure 9 and Eq. 10, the voltage outer loop unitization is
realized.

J(s), B(s), im_FF and im_FB in Figure 10 are shown in Eq. 11.

J s( ) � Ku p + Ku i

s

B s( ) � s3Cx1Co1LL1 + s2Cx1Co1 RL1 + Rx1( ) + sCo1

1 + s Co1Ro1 + Cx1Rx1( ) + s2Co1Cx1Ro1Rx1

im FF � B s( )udc ref

im FB � J s( ) udc ref − udc − Rdidc( )

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩
(11)

4.3 Hybrid control algorithm resonance
analysis

In order to analyze the resonance of the DC distribution system
under the new control algorithm, the equivalent model of the DC
distribution system under the reduced order hybrid control
algorithm is established again. At this time, the Bode diagram of
ZLRC and ZCPL is shown in Figure 11. According to the overall
framework of the reduced order hybrid control algorithm, the
overall flow block diagram van be drawn as shown in Figure 12.
MPC is the prediction current model, and the other parameters are
consistent with the above parameters.

In the Bode diagram under the new control, the amplitude-
frequency characteristic curves of ZLRC and ZCPL have no
intersection, and there is no interaction between the two, and no
resonant path is generated. The resonant risk of the DC distribution
system under the conventional control is eliminated.

The presence of the signal iL1 in the external systemof Figure 12 and
the introduction of an opposite iL1 in the control system causes the two
to cancel each other out in the two-degree-of-freedom block diagram.
Sag control acts as an additional operation to balance the power
distribution between different converters and its effect is negligible
in steady state. The current inner loop and voltage outer loop realize the
unitization of the LRC transfer function with udc/udc_ref = 1. Comparing
the unitized transfer function with the output voltage transfer function
under the conventional control of Eq. 6 and the Porter diagram drawn
according to Eq. 6, it can be seen that the LRC output voltage transfer
function is greatly simplified under the control of the hybrid control
algorithm, and the numerator denominator order no longer has a
higher order, realizing the transfer function is completely reduced in
order. And since udc/udc_ref is always 1 in the full frequency band and the
Bode plot gain is a straight line, it can be seen by comparison that the
resonant spikes appearing in the conventional control are damped and
the system output follows the reference voltage completely and remains
in the full frequency band. Therefore, the proposed control strategy can
suppress the resonance phenomenon in the DC distribution system and
keep the bus voltage stable well.

FIGURE 10
General control framework of hybrid control algorithm.

FIGURE 11
Bode chart for ZLRC and ZCPL under new control.
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4.4 Analysis of the effect of inductance
mismatch on the stability of DC distribution
system

Literature (Kwak et al., 2014; Parvez Akter et al., 2016; Makhamreh
et al., 2019) uses Lyapunov stability theorem to analyze the model
predictive control in the consistency algorithm proposed by Lyapunov,
and proves the stability of the algorithm. However, for the inductor
model, the theoretical and actual values may cause some errors, and the
parameters usually vary within ±20%. When the inductor model is
mismatched, the current prediction effect and switching frequency will
be affected. Therefore, the stability of the current prediction model
control algorithm needs to be further studied.

Since RsTs/Ls<<1 and the inductor parasitic resistance Rs can be
neglected, the inductor current prediction model shown in Eq. 8 is
simplified as follows.

i1s k + 1( ) � us k( )Ts

Ls
+ is k( ), dL � 1

i2s k + 1( ) � us k( ) − udc k( )[ ]Ts

Ls
+ is k( ), dL � 0

⎧⎪⎪⎪⎨⎪⎪⎪⎩ (12)

When the actual inductance Lsreal does not match the model
inductance Ls, the actual current value becomes:

i1sreal k + 1( ) � us k( )Ts

Lsreal
+ is k( ), dL � 1

i2sreal k + 1( ) � us k( ) − udc k( )[ ]Ts

Lsreal
+ is k( ), dL � 0

⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩ (13)

Taking the inductive current when the switch tube is off as an
example, the inductive current error can be obtained by calculating the
difference between the reference value and the actual value at the time k+1:

ereal k + 1( )‖ ‖ � is ref k + 1( ) − i2sreal k + 1( )���� ����1
� 1 − Ls

Lsreal
( ) is ref k + 1( ) − is k( )[ ] − Ts

Lsreal
δ k( )

��������
��������
1

≤ 1 − Ls

Lsreal
( ) is ref k + 1( ) − is k( )[ ]��������

��������
1

+ Ts

Lsreal
δ k( )

�������
�������
1

≈ 1 − Ls

Lsreal
( )e k( )
��������

��������
1

+ Ts

Lsreal
δ k( )

�������
�������
1

≤ 1 − Ls

Lsreal

∣∣∣∣∣∣∣
∣∣∣∣∣∣∣ e k( )‖ ‖1 + Ts

Lsreal
φ

(14)

Here, e(k) is the current error at time k. Because of the high
sampling frequency of the converter, e(k) can be approximately
equal to [is_ref (k+1)-is(k)]. δ(k) is the voltage error. φ is the upper
bound of the voltage error.

The current prediction control system is considered stable if the
predicted current error can converge to the closed set Ω (Cheng
et al., 2018).

Ω � e e‖ ‖| 1 ≤
Ts

Ls
φ{ } (15)

When Ls < Lsreal, according to Eqs 14, 16 can be obtained:

0< 1 − Ls

Lsreal

∣∣∣∣∣∣∣
∣∣∣∣∣∣∣< 1

Ls

Lsreal
φ< Ts

Ls
φ

⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩ (16)

Combining Eqs 14, 16, it can be seen that the predicted current error
decays continuously with time and eventually converges to the closed set
Ω1. The system can remain stable, and the current error size can be
guaranteed to be within a given range because Ω1 is contained in Ω.

Ω1 � e e‖ ‖| 1 ≤
Ts

Lsreal
φ{ } (17)

When Lsreal < Ls < 2Lsreal, according to Eqs 14, 18 is obtained:

0< 1 − Ls

Lsreal

∣∣∣∣∣∣∣
∣∣∣∣∣∣∣< 1

Ls

Lsreal
φ> Ts

Ls
φ

⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩ (18)

Similarly, combining Eqs 14, 18, it can be seen that the predicted
current error still decays continuously with time, and the final
current error also converges to the closed set Ω1. The system still
remains stable. In summary, the algorithm proposed in this paper
can meet the system stability requirements because the variation of
inductance parameters is ±20%.

5 Simulation analysis

In order to verify the effectiveness of the reduced order hybrid
control algorithm for resonant suppression of DC distribution

FIGURE 12
Block diagram of the overall flow of the hybrid algorithm.
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system, the DC distribution system modelshown in Figure 2 was
built in MATLAB/Simulink. It consists of two analog energy
storage units with an output voltage of 200 V, several
photovoltaic cells, and two constant power loads with a power
of 4 kW. The photovoltaic cell temperature is 25°C, the solar
irradiance is 1000 W/m2, the power of a single battery is 352 W,
and the photovoltaic array composed of 25 cells is divided into
5 groups, each group of 5 cells in series and 5 groups in parallel. The
switching frequency used for the simulation model is 10 kHz. In the
control part, the conventional voltage-current double closed loop,
single two-degree-of-freedom algorithm and fully reduced order
hybrid algorithm are used respectively. The outer loop of the single
two-degree-of-freedom algorithm is two-degree-of-freedom
control, and the inner loop is PI control. The effectiveness of
the new control algorithm is verified by comparison. The device
parameters and control parameters of the system are consistent
with those in Supplementary Tables S1, S2.

5.1 Simulation of resonance characteristics
of DC distribution system

In this paper, the FFT tool in simulink is used to perform Fourier
decomposition on the DC distribution system bus voltage udc under
three kinds of control, analyze the voltage resonance of the

distribution network bus, and obtain the spectrum diagram as
shown in Figure 13. Figure 13B is the spectrum diagram of the
bus voltage under conventional control. It can be seen from the
figure that the amplitude is 185,600% when the frequency is
768.7Hz, indicating that there is a resonance peak of 768.7 Hz in
the DC bus voltage, and the amplitude of the resonance is much
larger than that generated by other frequencies. Meanwhile, for the
frequency band near this frequency, due to the influence of the
resonant frequency, a higher resonant amplitude is generated
correspondingly, which is consistent with the resonant condition
shown in the comprehensive analysis of the bus voltage amplitude-
frequency and phase-frequency characteristic curves under
conventional control. Figures 13D, F show the bus voltage
spectrum under single two-degree-of-freedom control and new
control, respectively. As can be seen from the figure, the voltage
spectrum under the single two-degree-of-freedom control has been
reduced to a certain extent compared with the conventional control,
and the maximum amplitude at 763 Hz is only 43,010%, but it still
cannot reach the suppression effect of the new control algorithm.
After adopting the new control mode, the resonance amplitude of
the bus voltage is greatly reduced in the full frequency domain. After
magnifying the figure, it can be seen that the amplitude is the largest
at 777Hz, which is 18,330%, nearly one-10th of the amplitude under
the conventional control, and the resonance phenomenon is well
suppressed.

FIGURE 13
Bus voltage resonance simulation results.
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5.2 DC distribution system steady state
characterization

Figures 13A, C, E show the steady state waveforms of the bus
voltage under the conventional control, single two-degree-of-freedom
control and the new control, respectively. During the first 0.2s of
operation of the DC distribution system, the closed-loop dynamic
quality is sensitive to changes in gain, as the conventional PI control
has little margin for dynamic quality. And because the distribution
network model built takes into account the influence of line impedance
as well as distributed capacitance, the bus voltage overshoot of the
conventional control is large and violent oscillations occur. In contrast,
the single two-degree-of-freedom control with the new control
constructs an inverse model of the line parameters eliminating the
influence of the line. As can be seen in Figure 13C, the bus voltage under
single two-degree-of-freedom control eliminates the influence of the
line, but the overshoot is reduced but not eliminated because the inner
loop is still PI controlled, and the oscillations are only slightly reduced.
The new control in Figure 13E is robust and not only achieves voltage
stabilisation in 0.07s, but also has no overshoot. Looking at the voltage
fluctuations under the three controls, it can be seen that the bus voltage
fluctuates around 1.5 V under the conventional control, around 0.4 V
under the single two-degree-of-freedom control, and around 0.2 V
under the new control. From the comparison of the fluctuations in the
same coordinate scale, it is clear that the new control has a better control
effect.

In addition, in order to further reflect the superiority of the new
control strategy, a model with n = 3 was built for simulation
experiments and the results are shown in Figure 14. As the
power supply and the constant power load increase, the voltage
oscillation time of the DC bus voltage under the conventional
control increases from 0.2 s to 1.6s due to the influence of the PI
link, while for the bus voltage under the new control, it still
maintains a good voltage stabilization effect and is able to reach
the desired voltage and maintain stability within 0.1 s.

In a real distribution network, line parameters are often prone to
change due to changes in operating conditions and weather. As can be
seen from Figures 13C, E, the difference in voltage fluctuations between
the single two-degree-of-freedom and the new control at steady state is
not significant, and the corresponding current variations are relatively
similar. This paper simulates the effect of the change in line parameters
of LRC2 on the input currents of the two LRCs under conventional,
single two-degree-of-freedom and new control, as shown in Figure 15.
As can be seen from the figure, the current ripple under the single two-
degree-of-freedom control and the new control are comparable. When
the LRC2 line parameters change, the idc1 current fluctuation is small
under all three control strategies. However, the current ripple under the
new control and the single two-degree-of-freedom control are still
much smaller than under the conventional control. For idc2, as the line
impedance and line distribution capacitance decrease, the conventional
control current ripple gradually increases, the loss increases. The
currents under new control and the single two-degree-of-freedom
control can always maintain a small ripple, with high stability and
resistance to impedance changes. To verify the effectiveness of the
inner-loop predictive current control in the new control, the size of the
controlled inductor Ls2 is changed to 4, 5 and 6 mH, respectively, and
observe the is2 current as shown in Supplementary Figure S1. a) The
current waveform of is2when Ls2 is 4 mH; b) the current waveform of is2

when Ls2 is 5 mH; c) the current waveform of is2 when Ls2 is 5 mH.
From the graphs, it can be seen that the new control is able to maintain
good control current capability despite inductance changes due to the
robustness of the system enhanced by the inner-loop predicted current;
the single two-degree-of-freedom control is also able to achieve stable
current control, but with a large current ripple; while the conventional
control completely shuts down when the inductance changes to 6 mH
and the system collapses without achieving stable control, hence not
shown in the graphs below. In summary, the correctness of the new
control to achieve unitised output voltage is verified from both the outer
and inner loops.

5.3 DC distribution system dynamic
characterization

Supplementary Figures 2A–C show the bus voltage dynamics
during load variations under conventional control, single two-
degree-of-freedom control and the new control, respectively. Load
disturbances of 2, 1 and 0.4 kW are injected into the system at 0.5 s.
In the conventional control, when the load changes abruptly, the DC
bus undergoes violent voltage resonance, and as the load disturbance
increases, the bus voltage oscillations become progressively larger in
amplitude and longer in duration. The single two-degree-of-freedom
control improves the degree of voltage resonance during sudden load
changes and shortens the voltage stabilisation time. The oscillations
caused by sudden load changes are well suppressed in the new control,
and the time for voltage stabilisation is significantly reduced,
maintaining good dynamic characteristics even with a 2 kW load
disturbance. The three control voltage waveforms are compared
under the same coordinate system for a load variation of 2 kW. As

FIGURE 14
n = 3, DC bus voltage waveform.
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shown in Supplementary Figure S2D, the superiority of the new control
in terms of fluctuation suppression and the speed of voltage recovery
can be clearly seen.

The two constant power loads are injected and removed
respectively, as shown in Supplementary Figure S3. a) is about
voltage variation and b) is about power variation. 2kW load
disturbance is injected into CPL1 at 0.5 s and removed at 3 s;
2 kW load disturbance is also injected into CPL2 at 1.5 s and
removed at 4 s. In the conventional control, due to the
unbalanced load, the bus voltage fluctuates with the increase of
different CPL load disturbances, and the fluctuation time and
amplitude increase. The single two-degree-of-freedom control
and the new control always maintain a good voltage recovery
performance and do not increase the fluctuation time due to load
imbalance. The maximum value of voltage change for the new
control is always smaller than the maximum value of fluctuation
for the conventional control and the single two-degree-of-freedom
control, regardless of whether the load disturbance is injected or
removed.

5.4 Analysis of the impact of PV system
joining on bus voltage

Unlike LRCmodules, photovoltaic systems, which act as a power
source with current-source characteristics, are prone to bus voltage
fluctuations when connected via DC-DC converters. And due to the
uncertainty of PV power generation, it is prone to sudden power
failure or sudden turn-on. Supplementary Figure S4 shows the

fluctuation of the bus voltage when light is added to the PV
system and disappears. 2 s when the PV system is exposed to
light and starts to output energy, the power is 8.8 kw and in 4 s
when the PV system is exposed to light disappears. As can be seen
from the graph, the bus voltage under conventional control
fluctuates dramatically due to the addition of the PV system, and
after stabilisation the voltage ripple increases; when the light
disappears the bus voltage also fluctuates dramatically, and after
stabilisation the voltage ripple returns to the situation before the PV
is added. With the single two-degree-of-freedom control, the
addition of the PV still produces oscillations, but the voltage
spikes are reduced and the voltage oscillations are smaller than
with the conventional control. Under the new control, the bus
voltage rises to around 320 v due to the energy injection, but
does not fluctuate dramatically and the bus voltage regains
stability around 0.3 s. Although the steady-state voltage ripple
increases after the addition of PV, the bus voltage distortion is
greatly reduced compared to the conventional control, and the new
control algorithm also has good control effect after the light
disappears. The bus voltage waveforms for the PV system joining
the distribution network in the case of sudden power changes are
shown in Supplementary Figure S5. 2 kW of power is injected into
the system at 2 s and removed at 3 s. From the figure, it can be seen
that the presence of the PV systemmakes the bus voltage fluctuate as
much as 25 V under conventional control when the power changes,
which clearly exceeds the permissible range of voltage fluctuation.
Whereas, both the single two-degree-of-freedom and the new
control are able to keep the steady state voltage fluctuation
around 0.5 V. The superiority of the new control over the single

FIGURE 15
LRC output current comparison when line parameters change.

Frontiers in Energy Research frontiersin.org12

Zheng et al. 10.3389/fenrg.2023.1260678

https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2023.1260678


two-degree-of-freedom control is that the bus voltage is smaller and
the recovery time is faster during sudden power changes. Therefore,
it can be seen that the conventional control of PV systems can lead to
drastic fluctuations in the bus voltage during sudden power changes,
and even destabilization occurs. The new control can improve the
system stability in both transient and steady state and suppress the
increase of resonance.

From the above analysis of the steady-state and dynamic
characteristics of DC bus voltage, it can be concluded that the
reduced-order hybrid control algorithm can better suppress the DC
distribution system resonance and reduce bus voltage fluctuation,
which is consistent with the previous theoretical analysis.

6 Conclusion

The DC distribution system is a complex dynamic strongly
coupled system and resonance can seriously affect the stable
operation of the distribution system. This paper proposes a DC
distribution system resonance suppression strategy with a reduced-
order hybrid control algorithm, which combines current model
predictive control with two-degree-of-freedom algorithm to
suppress DC distribution system resonance and bus voltage
fluctuations. Through theoretical analysis and simulation
experiments, the effectiveness of the reduced order hybrid control
algorithm in suppressing resonance and bus voltage fluctuation is
verified. Due to the current weak grid situation in the power system,
the following work considers applying the hybrid algorithm to the
working conditions where the distribution network is connected to
the weak grid, so as to improve the power quality of the DC
distribution system under the weak current network and improve
the system stability.
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