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Abstract: In response to the era background of “comprehensive electrification” and “dual carbon
plan” of electric vehicles, DC/DC converters have a good performance in terms of weight, volume,
and efficiency and are widely used in fields such as solar power generation, UPS, communication,
computers, and electric vehicles. At present, the DC bus voltage is an important indicator for
measuring the safe and stable operation of high-voltage DC power systems in electric vehicles.
Therefore, regulating the stability of bus voltage through converters has good economic benefits
for the sustainable development of electric vehicles in terms of maintenance costs and effective
energy management. In order to solve the problem of bus voltage resonance instability caused by
negative impedance characteristics of constant power load in an electric vehicle DC power system,
a sliding-mode control design strategy of three-phase interleaved bidirectional converter under
constant power load was proposed. Firstly, a GPI observer was designed to estimate the state
and concentrated disturbances of the system. Then, the estimated value was introduced into the
controller for feedforward compensation, thereby achieving fast-tracking of the output voltage to the
reference voltage. Finally, the simulation results show that the controller can effectively maintain the
influence of disturbances and better improve tracking characteristics and robustness to disturbances
and uncertainties.

Keywords: three-phase interleaved parallel bidirectional converter; electric vehicle; output voltage
stability; power quality; high-order sliding-mode control; constant power load; GPI observer

1. Introduction

With the research boom of renewable DC power sources, research on DC microgrids is
gradually expanding. Because of the obvious advantages of DC microgrid technology, its
application in the field of vehicle power system is becoming more and more extensive. In
the DC microgrid of electric vehicles, converters are often used to realize voltage conversion
between the DC bus and load. For DC power systems, maintaining the stability of the DC
bus voltage is the foundation for ensuring the stable operation of vehicles. The application
of a large number of power conversion devices subject to strict closed-loop control leads to
an increase in the proportion of constant power loads in the system, which greatly reduces
the stability of the system when the power of such loads fluctuates [1]. The research
shows that the constant power load always exhibits negative-impedance characteristics
and brings an instability effect to the system. The negative-impedance characteristics of a
constant power load can cause significant voltage oscillations in the system when there are
significant changes in the CPL (constant power load), thereby reducing power quality and
posing safety hazards [2,3].

Therefore, how to keep the DC bus voltage of electric vehicles quickly adjusted
and stable is the key problem with the DC microgrid. The DC microgrid of electric
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vehicles is a system composed of many parts, its instability phenomena are various, and
the mechanism of the system instability is also complicated. Since most distributed power
generations, energy storage devices, and loads in the DC microgrid need to be connected
with the DC bus through converters, and these power electronic converter devices have
nonlinear characteristics, the power electronic system composed by them also has nonlinear
characteristics [4].

In practical applications, the system model will be affected by various disturbances,
such as the uncertainty of inductance and magnetic characteristics, the instability of input
voltage, the disturbance of load, etc. At present, many advanced nonlinear control methods
have been applied to the converter, such as active disturbance rejection control, adaptive
control, sliding-mode control, etc. The sliding-mode control has the advantages of simple
operation, high precision, good stability, and robustness in practical applications. Sliding-
mode control technology and a DC-DC converter work well together because they are
both based on a variable-switching strategy [5]. For the SMC (slide-mode control) method,
Reference [6] ensured large signal stability and a fast dynamic response. In order to further
improve the transient dynamics of the system, a simple finite-time convergence SMC
method is adopted in the converter system [7,8]. However, it is difficult to maintain high
accuracy in the event of external disturbances or changes in internal components. Therefore,
modern advanced control methods are studied, such as sliding-mode control, adaptive
control, optimal control, predictive control, etc. The above control method basically solves
the problem of output-voltage instability. However, these methods cannot quickly track
and suppress interference. For closed-loop systems, it is difficult to achieve a good voltage
output performance under interference.

Considering the perturbations and uncertainties existing in practical applications, it
is difficult to measure them with actual sensors, but the designed observer can achieve
accurate estimation and compensation of perturbations. In Reference [9], an expanded
state observer was designed to realize the estimation of load changes, and a sliding-mode
controller was designed to improve the anti-interference performance of the system. Ref-
erence [10] designed the unknown input observer, which has low sensitivity to noise
and only needs to adjust one parameter, which is easy to implement in the actual sys-
tem. Reference [11] proposed a sliding-mode control method based on the disturbance
observer, which can converge to the neighborhood near the reference voltage in a finite
time. However, the above observer can only accurately estimate the slow time-varying
perturbations [12]. The perturbations in the actual system are more complex, and there may
be higher-order polynomial perturbations. Reference [13] proposed a passive controller
based on interconnection and damping allocation, which is robust and easy to implement.
However, it can lead to a slow transient response.

In Reference [14], the GPI (generalized proportional integral) observer was designed
to achieve an accurate estimation of slow and fast time-varying disturbances, and it was
combined with the backstepping method to deal with the unmatched load disturbance.
The basic idea of the backstepping method is to decompose a complex system into multiple
subsystems, which are recursive from backward to forward through the design of the
virtual control law. Interference factors are designed into each subsystem, but in the design
process, there may be a high-order derivative of the virtual control function in the controller,
which is more complicated to calculate.

In these controllers, in order to maintain the stability of the output voltage, the switch
gain is required to be greater than the upper limit of the disturbance. However, in some
low-order sliding-mode control laws, an excessive switching gain can lead to significant
voltage fluctuations, resulting in unstable output voltage in the practical-implementation
literature [15,16]. The interference estimation and compensation technology provide a
feasible method to alleviate the chattering phenomenon in Reference [17]. In Reference [18],
the nonlinear disturbance observer was used to estimate the uncertain power change, which
provides a new way of thinking for dealing with CPL problem. It is difficult for the observer
to obtain satisfactory estimation accuracy when dealing with a fast time-varying CPL. There
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is also no consideration of supply voltage fluctuations. Performance degradation is caused
by these factors. Reference [19] proposes a distributed current-sharing control method. The
outer loop is the voltage droop control with the purpose of embedding virtual impedance,
while the inner loop is the PI control, which can improve the dynamic and steady-state
performance of the system. References [20,21] compensated for the virtual impedance
coefficient by actively detecting line impedance to achieve current equalization, and they
improved the voltage drop through voltage observer feedforward compensation control.
Reference [22] proposed an algorithm for compensating for a current imbalance caused
by resistance mismatch. By perturbing the duty cycle of one phase and measuring the
deviation of other phase duty cycles, the degree of parameter mismatch is estimated, and
current balance is achieved through appropriate compensation coefficients.

There are many effective error estimation methods, including the unknown input ob-
server (UIO) [23], disturbance observer (DOB) [24], and extended state observer (ESO) [25].
The disturbance-observer-based control (DOBC) has been proven to effectively reduce
unknown external disturbances and system uncertainty. Due to the fact that these observer
techniques are model based, a large amount of information needs to be considered when es-
tablishing interference observers. However, both DOB and ESO can only estimate constant
and stage constant perturbations and cannot estimate polynomial perturbations.

Due to the uncertainty of converter parameters and the influence of concentrated
disturbances, there is an increasing amount of research on the precise estimation of dis-
turbances, using the estimated values as feedforward compensation to improve the anti-
interference performance of control. Disturbance-observer-based control (DOBC) considers
the parameter changes, load changes, and input voltage fluctuations of the filter as external
disturbances to the system. The disturbance observer is used to nominal the controlled
object and observe these disturbances through the disturbance observer. The observed val-
ues are then fed forward to the output of the voltage control loop to counteract the impact
of disturbances on the system. Another disturbance estimation technique is the extended
state observer (ESO), which treats both internal uncertainties and external disturbances as
total disturbances, treats the total disturbance as a new system state, estimates the system
state and disturbances through internal calculations, and then designs the controller by
combining the estimated values with the improved sliding-mode control method, so that
the output voltage of the converter can track the reference signal quickly [26].

In order to suppress load resistance interference and input voltage changes, an SMC
method based on GPI observer for three-phase interleaved parallel DC/DC converter is
proposed. Estimate the disturbance and state of the system by designing a GPI observer [27].
Then, based on the estimated values obtained from the GPI observer, a composite controller
is constructed using SMC technology, which enables the output voltage to asymptotically
track the reference voltage [28]. The simulation results show that, compared with the
sliding-mode control method based on NDO, this control method can track the reference
value faster and improve the steady-state performance of the system. Meanwhile, this
method reduces costs in practical systems.

The GPI observer sliding-mode control method based on the second-order sliding-
mode algorithm proposed in this article can achieve small switching gain without sacrificing
interference suppression by combining interference estimation, ensuring the stability of the
output voltage. Compared with other observer control methods, it has strong robustness
against disturbances.

The main work content of this paper is divided into three parts:

e  The stability of three-phase interleaved parallel DC/DC converter supplying CPL in
electric vehicle DC power system is analyzed, and its mathematical model
is established.

e  The sliding-mode control strategy based on the GPI observer can effectively reduce
the switching gain by compensating the lumped disturbance accurately.
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e  Through the simulation study of MATLAB/Simulink in the interference of input
voltage and CPL power and the evaluation of the proposed composite controller, the
correctness of the proposed controller is proved.

2. Stability Analysis of DC Power System for Electric Vehicles

The DC power system of electric vehicles is mainly composed of a power generation
unit, generator set, energy storage unit, AC/DC load, and power converter connected to
each unit module. As shown in Figure 1, in a power generation unit, the energy flows
in one direction, the battery is connected to the DC bus by a DC/DC converter, and the
generator set provides energy to the bus by an AC/DC converter.

I____:W_VOEEE_______________________i
I — b Reference :
I Conversion
| | Loads systam: :
| E—
I Voltage :
I Loads —— controller |
I Load |
| ! |
| terminal |
| voltage :
I
| |
DC/DC _
|  DC bus ; ; . U = constant :
I e [ = constant |
I P = constant I
I P=constant |
| Constant |
| Power Load I

Figure 1. DC/DC converters with constant power characteristics in electrical systems.

All kinds of power electronic devices in the power system of electric vehicles are
connected to the on-board high-voltage power supply system of electric vehicles in the
form of a cascade, and most of these power electronic devices adopt closed-loop control;
when the bus voltage changes, the output power can remain constant. When the input
voltage changes, the input current changes in the opposite trend; constant power load
has negative impedance characteristics. It is therefore said to have a negative impedance
characteristic (AV/AI < 0) constant power load.

In a constant power load, P is constant. Thus, as shown in Figure 2, as the voltage at
both ends of a constant power load increases/decreases, its current decreases/increases.
Because the incremental impedance of CPL is negative (AV/AI < 0), in this case, the system
will deviate from its stable region, resulting in CPL negative impedance instability [29].
Interaction with other devices may affect the dynamic characteristics and stability of
the system.
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1

Figure 2. Negative impedance characteristics of constant power load.

As shown in Figure 3a. The midpoint is the initial stable operating point of the system.
When the system is subjected to external disturbances causing an increase in the input
current of the CPL, as can be seen from Figure 3a, the voltage at both ends of the CPL is
at this time, and according to KVL, the voltage at both ends of the filtering inductor is at
this time. At this point, the inductance current will further increase, causing the system to
move away from the stable operating point. On the contrary, when the input current of the
CPL decreases due to external disturbances in the system, the voltage at both ends of the
CPL is reduced. From KVL, it can be seen that the voltage at both ends of the filter inductor
is reduced, and the inductor current will further decrease, thus keeping the system away
from the stable operating point. The obtained volt ampere characteristic curve is shown
in Figure 3b for when the load is a pure resistive load, where the point is the initial stable
operating point of the system. When external disturbances increase the input current, there
is a filter inductance voltage, which can be determined by KVL. At this time, the current
will correspondingly decrease, so the system can return to the initial stable operating point;
that is, the system is stable. CPL negative impedance was obtained via a small signal
analysis [30]. In Reference [30], the equivalent model of CPL was extracted through a small
signal analysis and a large signal analysis.

Constant
8 V A
power load Ideal DC Resistive load Ideal DC

voltage voltage

/ source source
E B L

Inductance Inductance

(a) (b)

Figure 3. Changes in DC bus voltage during power fluctuations of different types of loads:
(a) constant power load power fluctuation and (b) pure resistance load power fluctuation.

In order to analyze the three-phase interleaved parallel DC/DC converter system
supplying CPL, the conjugated model and circuit were extracted for a small signal analysis.
Based on the analysis of Reference [3], the destabilizing effect and limit of CPL negative
impedance on converter were explained. Since the root of the characteristic equation is on
the right-hand side, there is negative impedance instability in the output voltage of the
system. In addition, the control performance is severely degraded due to the inevitable
voltage fluctuations in the DC supply voltage [31].
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According to the research of Reference [3], through the small signal analysis of the
system equation of state, the transfer function of the system can be obtained as follows:

M

1—dUb —IiLs
G(s) = - DWous —lle
LCs? + s+ (1—d)

From the transfer function, with the increase of CPL power, the negative incremental
resistance characteristic of CPL becomes more obvious, and the root of the system charac-
teristic equation begins to move to the right of the complex plane. As shown in Figure 4,
once the power consumed by CPL exceeds the power consumed by resistive loads, that
is, Pcpy, > Pgr, CPL plays a dominant role in the system. The damping coefficient of the
corresponding system is less than 0, and the slope of the output characteristic curve is
negative. In this case, the DC bus voltage will be in an oscillating state. When the power
consumption of CPL is less than that of resistive load, that is, Pcp; < Pg, the resistive load
plays a dominant role in the system, the damping coefficient of the corresponding system
is greater than 0, and the slope of the output characteristic curve is positive. Under this
condition, the DC bus voltage of the system is in a stable state.
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Figure 4. Stable and unstable regions based on small signal theory.

In order to elucidate the impact of CPL power fluctuations on the stability of the DC
bus voltage, we first introduced some common CPLs in special vehicles and preliminarily
analyzed the dynamic characteristics of negative incremental resistance of constant power
loads. Secondly, through a theoretical analysis, we found that the power imbalance between
the generating and receiving ends is the fundamental cause of bus voltage fluctuations.
Then, based on small signals, the reason for the low-frequency oscillation of the DC bus
caused by CPL was obtained. Through a simplified circuit analysis of an ideal voltage
source, filter inductor, and CPL in series, it was found that when CPL power fluctuates, it
amplifies the power fluctuation, causing the system to move away from the initial operating
equilibrium point.

3. Modeling of Three-Phase Interleaved Parallel Bidirectional Converter

The main circuit topology of the three-phase interleaved parallel bidirectional half
bridge DC-DC converter is shown in Figure 5, consisting of three bidirectional Bucks—Boosts
in parallel. In the same switching cycle, only one switch tube is on the upper and lower
bridge arms of the half-bridge switch tube. According to the conduction state of the switch
tube, there are two states: Boost and Buck. When the energy storage capacitor releases the
stored energy to the load end, the input end of the converter can be approximated as a
constant voltage source, and the energy flows from the input end to the load end, where
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the converter is in a Boost state. When the load side needs to store energy, it operates in
Buck mode, and the load-side power flows to the input side to charge the energy storage
capacitor. The topology parameters of the three-phase interleaved parallel converter are
shown in Table 1.

|
Buck mode = _ _ _ _ _ _ _ _ _ _ _ >
J Boost mode
L, in
n 1

LZ le N
e YY) 74|

Ly iL3 X iload

¥
T

Vo

LOAD

wO T & of oy e aT

Figure 5. Topology structure of three-phase interleaved parallel bidirectional DC/DC main circuit.

Table 1. Topology diagram parameters of three-phase interleaved parallel converter.

Topology Diagram Parameters

Vin DC source bus voltage

Vo DC load bus voltage
ir1, 112, i13 Inductance current

Ry, Load resistance

Vin0 Nominal value of DC source bus voltage

Rip Nominal value of load resistance

C1,C Filter capacitor

L, Ly, Ls Filter inductance
Q1,Qy, Q3 Switch tube components

The advantages of adopting an interleaved parallel structure in bidirectional DC/DC
circuits are, on the one hand, under a certain power output, the voltage and current stress of
the inductor are reduced, allowing for the selection of smaller inductors, thereby reducing
the volume and weight of the converter; and, on the other hand, the difference between the
PWM driving waveforms of each phase is 120°, further reducing the input current ripple,
reducing the inductance, while also reducing the output voltage ripple and reducing the
capacitor voltage and current stress, thus ensuring that the bidirectional DC/DC converter
has a higher power density. For the convenience of analysis, if the switching frequency
is set to fs and the influence of voltage dead band is ignored, then ws = 2 nfs. Ts = 1/fs.
Figure 6 shows the main waveforms of the three-phase interleaved parallel boost converter
under different duty ratios, d.

Assuming that the duty cycle, d, of each switch tube is equal and each phase is 120°
different in sequence, there are eight switching modes of the converter. Use “1” and “0” to
represent the “on” and “off” of the switch tubes, respectively. The switch states of switch
tubes Q1, Q2, and Q3 can be represented as corresponding binary numbers: 001 (Mode I),
010 (Mode 1II), 011 (Mode III), 100 (Mode IV), 101 (Mode V), 110 (Mode VI), 111 (Mode VII),
and 000 (Mode VIII). Figure 7 shows the equivalent circuits with 0, 1, 2, and 3 switch tubes
on, respectively.
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Figure 6. The main waveforms of the three-phase interleaved parallel converter during steady-state
operation: (a) the main waveform of 0 < d < 1/3, (b) the main waveform of 1/3 <d <2/3, and (c) the
main waveform of 2/3 <d <1/3.
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Figure 7. Equivalent topology diagram of three-phase interleaved converter at different working
stages: (I) Switch tubes Q1 and Q2 are turned off, and switch tube Q3 is on. (II) Switch tubes Q1 and
Q3 are turned off, and switch tube Q2 is on. (IIT) Switch tube Q1 is off, switch tubes Q2 and Q3 are
on. (IV) Switch tube Q1 is on, switch tubes Q2 and Q3 are off. (V) Switch tubes Q1 and Q3 are on,
while switch tube Q2 is off. (VI) Switch tubes Q1 and Q2 are on, while switch tube Q3 is off. (VII) The
switch tubes Q1, Q2, and Q3 are conducting. (VIII) The switch tubes Q1, Q2, and Q3 are turned off.
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For the convenience of description, this article takes one of the situations as an example
for analysis, while other situations can be analogized. When the duty cycleis 0 <d < 1/3,
the converter can be divided into six working modes based on the power switch on/off
situation. The driving signal and inductance current waveform of the corresponding switch
in the system under these six working modes are shown in Figure 6a.

Process 1: (Corresponding Mode IV) The switch Q; is in a conductive state, and the
current of inductor L; continues to increase. The vj, end charges the inductor L1, Q, and Q3
are in the off state, and the current of inductors L, and L3 continues to decrease. Inductors
L, and L3 discharge towards the v, terminal.

Process 2: (Corresponding Mode VIII) Switch tubes Q;, Q;, and Qg3 are in the off state,
and the current of inductors L, L,, and L3 continues to decrease. Inductors L1, Ly, and L3
discharge towards the v,, terminal.

Process 3: (Corresponding Mode II) The switch tube Q; is in a conductive state, and
the current of inductor L, continues to increase. The v;, end charges the inductor L,, Switch
tubes Q; and Qj3 are in the off state, and the current of inductors Ly and L3 continuously
decreases. Inductors L; and L3 discharge towards the v,, terminal.

Process 4: (Corresponding Mode VIII) Switch tubes Q;, Q;, and Qg3 are in the off state,
and the current of inductors Ly, Ly, and L3 is continuously decreasing. Inductors L, Lo,
and L3 discharge towards the v, terminal.

Process 5: (Corresponding Mode I) The switch Qs is in a conductive state, and the
current of inductor Lz continues to increase. The vj, end charges the inductor L3. The
switch tubes Q; and Q) are in a conductive state, and the current of inductors L; and L,
continues to decrease. Inductors L1 and L, discharge towards the v, terminal.

Process 6: (Corresponding Mode VIII) Switch tubes Q1, Qy, and Qg3 are in the off state,
and the current of inductors L, L,, and L3 continues to decrease. Inductors .1, L, and L3
discharge towards the v, terminal.

3.1. Modeling of Three-Phase Interleaved Parallel DC/DC Converter Circuit

Based on the circuit structure and working principle of a three-phase interleaved paral-
lel bidirectional DC-DC converter, this article divides it into three identical
Buck-Boost circuits, without considering the parasitic components of capacitors and induc-
tors. The control flowchart of the composite controller is shown in Figure 8.

—_—— e == T === — — — 7
| | Reference | I_FeeQbatc_k |
value given| inearization |
Feedforward Estimated L _g_ J == —I System
| compensation disturbance OReiRer disturbance I
I | Tracking I | Maintain output -i |
| reference value | Steady-state | voltage
_____ - } e Improve _————— I
s robustness
| elimination
_____ L |
| | Sliding mode |
L control PWM signal 1
Sliding mode | l— — — — it el | Regulating I
—> i —>> —————P>
| CPL disturbance camEllEr B |

Figure 8. Control flowchart of composite controller.

The equivalent circuit diagram is shown in Figure 9a for when the converter is used
as a Boost converter. The equivalent circuit diagram is shown in Figure 9b for when the
converter is used as a Buck converter. The topology parameters are shown in Table 2.
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Figure 9. Equivalent variable structure model of Boost converter and Buck converter: (a) Boost mode
and (b) Buck mode.
Table 2. Topology diagram parameters of Buck mode and Boost mode.
Topology Diagram Parameters
Vin Input voltage
Vo Output voltage
ip Instantaneous inductance current
R load resistance
C Boost circuit capacitance value
G Buck circuit capacitance value
L Inductance value

The results of variable structure theory analysis can be used to obtain the state equation
of the bidirectional DC-DC converter in Buck mode with continuous inductance current
as follows:

Firstly, the Buck circuit is modeled and studied, and its equivalent circuit topology is
shown in Figure 9. Write the state equation in stages and calculate the average variable.

(1) In0 <t < dTs, switch the tube S conduction and diode VD cutoff, and, at this time,
there is the following equation of state.

L:ié—gt) = Uin(t) — uo(t)
C uci)t(t) — _Ww(t) +ip (1)

RepL

@)

(2) IndTs <t <Ts,switch S off, diode VD conduction, and the inductor L release magnetic
field can supply constant power load at the same time to charge the capacitor. The
equation of state is as follows.

{ LI — (1)

cuel) — ol 4y (1)’

®)

By averaging (2) and (3), the following matrix equation can be obtained.

dip o -1 i Uin
d | — L L)+<L)u 4)
1 1 ,
(da“f) <cl L I(“ 0

The state space equation in Boost mode with a continuous inductance current is

as follows: .
dig, 0 -1 i Uo Uin
i (L>+ R u+(5), )
dt C R Uo G

e
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The transfer function can be derived through Laplace transform, using the average

state space equation:
) _ Vin(14+R1Cs)
{Gld(s)  Rp+LstRiCLs (6)
Gva(s) = irics

This article first analyzes the Buck pattern.

2
Uo
P=—, 7
R %)
where d is the duty cycle of the converter, and T is the switching cycle. A dynamic model of
the Buck converter was established using the state-space averaging method. By substituting

Equation (7) into (4) and linearizing it, we obtain the following:

dt — C  Tv, RC

dip _ Viny, _ Yo
dt 7 L L
du, __ ip P Vo 7 (8)

The voltage tracking error is defined as x; = e = v, — Vyef, Where v, is the reference
voltage. The dynamic model in Equation (8) can be rewritten as follows:

. iL Vo .
X] = = — 5—= — di(t), 9
1=C R.C Vrer +d1(t) )
where d;(t) = — CLVO’ and another state variable is defined as x, = % - R‘;"C, so take the

derivative of that and obtain the following:

u X]+ Vief X2 +dy(t) (10)

R T V'S R.C

where dj (t) = ged (t) + Y2320, dy(t) is a more complex form of time varying, consisting
of a constant power load and fluctuations in input voltage. The following equation can be
obtained by sorting out Equations (9) and (10):

(11)

X1 =X +dp
o X1 +Vyef X
Xy = %Vmo - —1c — RLZC +dy’

3.2. Observer-Based Sliding-Mode Control (SMC) Design

This section’s control objective is to design a generalized proportional integral observer
to estimate the time-varying disturbance and update it into the controller in real time, so
as to effectively suppress the influence of the disturbance and improve the anti-jamming
performance of the whole system.

Sliding-mode control uses the designed control function to make the motion state
of the system in “sliding mode”, which is a discontinuous switching control, so it is also
called sliding-mode variable structure control. The basic idea of the sliding-mode variable
structure control theory is to consider a nonlinear system and assume that there is a phase
plane, which is called the sliding-mode surface, and a point in the plane is called a balance
point. Using this sliding surface as a reference path, through effective design, the state
variable of the system, i.e., the controlled trajectory, is attracted to slide along the set
trajectory of the reference path and converges to the equilibrium point, regardless of the
initial state of the system [32-34].

The sliding-mode control needs to meet the following three basic conditions: existence,
accessibility, and stability. Existence refers to the existence of a sliding surface in a system.
Reachability refers to the ability of points outside the sliding surface of a system state to
move to the sliding surface within a finite time [35-39]. Stability refers to the ultimate
stability of the system state under model control.
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For the sliding-mode control, the first step is to determine the sliding surface and
select the appropriate sliding-surface function, s(x). Under the action of different control
functions, the trajectory of the system moves differently. As shown in Figure 10a, by
designing appropriate control functions, the system can start from an arbitrary initial point,
Xp, in the state space and reach the switching surface (as shown in the xo— A section) in a
finite time. This process is called the approach section. Once the system trajectory reaches
the switching surface, it stays on it and continues to move, and this is called the sliding-
mode section (as shown in section A— Q). The state of the system moving on the switching
surface is called the sliding mode. Since the switching surface is designed according to the
expected moving target of the system, no matter how the external parameters change, the
system trajectory will eventually reach the preset value on the switching surface [40-43].

>0

s<0

s(x)<0
(@ (b)

Figure 10. System motion under sliding-mode control: (a) the motion trajectory of the system on the

sliding surface and (b) three types of points on the sliding surface.

In the state space, take s(x) = 0 as the sliding surface, which represents the state, as
shown in Figure 10b. The space is divided into two: s(x) > 0 and s(x) < 0. The motion points
on the sliding surface can be divided into three categories:

e  Usually Point A: After the system moves near the sliding surface, it will pass through
this point;

e  Starting Point B: After the system motion point reaches the vicinity of the sliding
surface, it leaves from both sides of that point;

e  Termination Point C: The system moves towards this point from the upper and lower
sides of the sliding surface.

In the study of sliding-mode control, the first two types of motion points have little
significance for system control and are generally ignored. If a certain area on the sliding-
mode surface is all termination points, it means that once the system state moves near that
area, it will be attracted to the area, and this area is therefore called the “sliding mode area”.
Due to the fact that all points on the sliding-mode area are termination points, when the
system moves near the sliding surface, there will inevitably be llg& ss < 0 [44-46].

The specific system control is shown in Figure 11. The system block diagram includes
four parts: two generalized proportional integral observers, a sliding-mode controller, a
pulse width modulator (PWM), and a three-phase interleaved parallel DC/DC converter.
The system works as follows: Firstly, two generalized proportional integral observers
are constructed based on the feedback values of inductance current and output volt-
age, and the matched and unmatched disturbances are estimated, respectively. Then, a
sliding-mode controller is designed using the estimated values. The controller is compared
with the sawblade wave to obtain a PWM wave, and the switching tube of the DC step-
down converter is controlled by the PWM wave. The converter can output the desired
voltage stably.
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Figure 11. Control block diagram of the whole system.

3.3. GPI Observer Design

The voltage tracking accuracy of the DC-DC converter system will be affected by
disturbances, such as input voltage fluctuation, parameter uncertainty, load resistance
disturbance, etc. An effective method to eliminate these disturbances is to introduce
disturbance estimation to compensate accurately. For the Buck converter, two generalized
integral observers are designed to estimate the matched disturbance and the unmatched
disturbance, respectively, and the disturbance estimation is introduced into the design of
the control law to compensate for the influence of these disturbances and uncertainties.
The specific design of the two generalized proportional integral observers is as follows.
The GPI observer of CPL perturbation based on the Buck converter can be constructed
as follows: .

X1 = Xo j— d; +h11(X1 — )A(l)
di =di +hip(x1 — %)

. . , (12)

di D =d; ™ +hy (xq — %)

d1 ™ = hy (i) (1 — K1)

where d; (n) is an estimated value of the nth order derivative of di,and hy; i=1,2,...,n+1)
represents the parameters to be determined.
To estimate the input voltage disturbance, d,(t), another GPI observer is constructed:
%2 = fevino — e — g 22 +hai(xe — %)
dy = da + hp(x2 — %)
. , (13)
dy (™Y = dp (™) + hypy (x2 — %2)

A

Ay ™) =y 1) (X2 — %2)

where az<m> is an estimated value of the nth order derivative of d,, and hy(=12,...,
m + 1) represents the parameters to be determined.

According to Equations (9) and (10), the uncertainties (i = 1, 2) are related to the power
of constant power load, so from a practical point of view, their values and derivatives
should be bounded.
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In a steady state, the power of the constant power load is considered constant. There-
fore, the following assumptions can be made:

The uncertain variables, d; and di, of the system (i = 1, 2) meet the following two
conditions [47]:

di(t) S Loo,di(t) € Leo
{ lim d;(W =0 (14)
t—o0
According to Equation (8), the uncertain term is defined by the following:
{al'_ hta Py, (15)
P =X +dg

where p;, is the auxiliary state of the observer, and 1; is a normal number that is expressed
as the observer gain. Similarly, the uncertainty term is given by the following:

B=lba-p) (16)
" re X 4
Pz:%Vino— 1LC f_RL72C_|_d2

where p, is the observer’s auxiliary state, and 1, is a normal number that is expressed as
the observer gain.

Based on Equations (12) and (13), the standard model and observer estimate of the
load power can be provided according to the sliding-mode control design of the proposed
composite controller. Them we take the switching function of the system as follows:

{ s=kixg +x + al (17)

é:kl(X2+d1)+X2+a1,

where k; > 0 is a parameter to be selected.

As a high-order sliding-mode algorithm, the realization of the high-order sliding-
mode algorithm usually requires the derivative of sliding-mode variables, while the super-
distortion algorithm is a second-order sliding-mode algorithm in nature, so its realization
does not require the derivative of sliding-mode variables, thus simplifying the controller
structure. Through the design of the control rate, the sliding-mode variable structure
rapidly converges within a limited time [30].

The general form of the super-twisting algorithm is as follows:

1.
% :d—)\|a1|251gn(a1) tatpr (18)
T = —csign(ay) + py

In Equation (16), a; and ap are the state variables; A and c are the positive constants;
and p; and p, are the disturbance quantities.

In order to weaken chattering, saturation function is often used to replace the sign
function [48]. The form of saturation function is as follows:

|s| <&

S
B
sign(s) |s| > &’ (19)

sat(s, 8) = {

By combining Equations (18) and (19), the form of the super-twisting algorithm
becomes the following:

1
Usta = —|s|2sat(s) + w 20)
%—‘t" = —Bsat(s)
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When the super-twisting algorithm is used to design the sliding-mode control function,
let w = ap + p1, and «, B are the parameters to adjust the dynamic velocity and set the
steady-state error, respectively. Among them, the parameters «, 3 affect the convergence
rate of the sliding-mode surface. In general, the system can reach the sliding-mode surface
faster by taking a larger value and a smaller value.

When the first derivative of the sliding-mode surface is zero, the switching signal, u,
is equivalent to a continuous value, ueq.

S [kl (Xz + 611> X Vet X2 4 a1 §) nsat(s)|, 1)

Heq = =5 LC R.C

where the control parameter, k; > 0, and the switching gain, 11 > 0, are the parameters to be
designed. Then, the total switch signal, u, is as follows:

U = Ueq + Usta, (22)

where ueq is used to ensure that the trajectory of the system phase is maintained on the
sliding-mode surface, and ugt, is used to overcome the disturbance effect and to ensure
the robustness of the system. The following proves the existence and accessibility of the
switching surface, and the Lyapunov function is used to analyze the switching function, so
as to enable the stability of the controller’s control voltage and the state curve to quickly
converge to the sliding surface.

4. Controller Stability Analysis

Theorem 1. Consider a DC-DC converter system with both CPL and supply voltage perturbations
and combine Equation (14). Under the proposed control law (21), the effect of the time-varying
perturbation is removed from the output voltage channel, provided that the switching gain, >
(kie1™ + ex* + e3*), and the observer parameters in selected Equations (12) and (13) are appropriate,
such that (25) is the Hurwitz matrix.

Proof of Theorem 1. For the GPI observer, the estimated error is defined as e; = d; — d,

ey =dyp —dy,ande; = d; — dl. The upper bound of the estimation error is defined as €;*,
(i=1,2,3). Then, the estimated error of the observer can be expressed as follows:

e = X1 —Xq
ep=d; —d;

... , (23)
el =d;* D —d;(n-Y
€l(nt1) = d1(n) — al ()
e =Xz —Xp
en=dy—dy
, (24)

dptm=1) _ g, (m-1)
m) _ g, (m)

€om =
ey(m1) = da!

where e = [e11 €12...€j(nq1) €21 €22 - € +1)]T takes the derivative of the estimate error.
Then, the observer error can be dynamically expressed as follows:

é = Hee + d/ (25)
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. . 17T
where d = [oo...dl(ﬂoo...dz(ﬂ]

H, 0

o= |50 )

~h;; 1 0 0

~h;, 0 1 0
He = ,

~hy;, 0 O 1

hini) 0 0 0 0

~hyy 1 0 0

~hy 0 1 0
He, = ,

~hyy, 0 0 ... 1

~hymin) 0 0 0 0

By selecting parameters correctly in the GPI observer, we can get the Hurwitz stability
matrix; that is, the state matrix of the system is the Hurwitz matrix. Then, the error dynamic
is asymptotically stable, which means the following:

~

lim € = dj - dj - 0/ (1 = 1/2)/ (26)

t—oo

Take the Lyapunov function as follows:

1
V= 552, (27)
V =ss, (28)

Substituting (17) and (22) into (28) gives the following;:
\Y% = —nls| + (kier + e +e3)s + R ugias
< —[n— (kier + ez + e3)]fs] + T useas (29)
< V2 - (kier* + e +e3%)]V2 + 2 ugas

where the coefficient « > 0,3 > 0 of usa can be seen from Equation (17); when s < 0,
Usta > 0, and when s > 0, ugta < 0. Then, when the switching gainn > (kje;™ +ex* +e3*)

meets the condition, it is satisfied, V < 0. According to Lyapunov’s sliding-mode reachability
condition, the system can reach the designed sliding-mode surface in a finite time. The
system state will reach the defined sliding surface, s = 0, in a finite time.

By integrating Equations (11) and (17), we obtain the following;:

x; = —kix; — (dl - 611), (30)
According to Reference [18], if the following system exists,
x =f(t,x,u),x e R,u€R, (31)

when the system input reaches stability, if the input signal meets tle u = 0, then the
states satisfy tli)rn x = 0. According to Equations (26) and (17), tlbm e1 =0k; > 0. Itis
[e¢] o

easy to arrive at the conclusion that the voltage tracking error converges asymptotically to
zero along the sliding surface, thus completing the proof. Similarly, the Boost mode is a
similar proof. [J
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5. Simulation Results and Analysis

In order to verify whether the proposed method has a faster convergence rate and load-
resistance performance, for Buck converters with matched and unmatched disturbances, the
proposed method was simulated and compared with the control methods in other works
from the literature under the condition that the circuit parameters are the same. The results
show that the proposed method can effectively suppress the influence of perturbation and
ensure the stability of output voltage. It can improve the anti-interference performance of
the whole system.

5.1. Simulation Model Construction

The simulations are conducted in Simulink, using GPI observers to estimate the state
and lumped disturbances of the system. Then, the estimated values of the observers are
introduced into the controller for feedforward compensation, achieving fast and accurate
tracking of the output voltage to the reference voltage. Select the input and output voltage,
use the inductance current as feedback variables, and perform a high-order sliding-mode
control algorithm to limit the calculated amplitude to prevent the switch from being in a
continuous on or off state. Build a simulation model of a three-phase interleaved parallel
bidirectional DC/DC converter in Simulink and write a sliding-mode control algorithm
through the MATLAB function. The circuit uses ideal components, and the simulation
diagram is shown in Figure 12.

EED_’ Vin oot x1ref_dt
e ¥
Vref P C;%ﬂeref + ex1 d2_cap
™ — v 4 >l
ref = fen
+ ex2 ‘ s
4 fen
Vin > E
K1) x1ref_dt K21 Lyl stref a2
4 o
™ fen
Sliding_Surface d1_cap_dt [IVo] >-»{vo
Control_Outpui2
[VinD>—»{ vin ] >—MIL
x1 f—-pfx1
[ i ‘ d1_cap » KILZ—'” Control_Output1
D-»jvo " 2[—¥2
Transformer xi 42_cap
™ M e

Figure 12. Sliding-mode control simulation model.

5.2. Set System Parameters

The control objective of this simulation experiment is, under the same circuit system,
sequentially use two methods to control, observe, and analyze the value of each state
variable with time from the figure, compare the transient performance and resistance of the
system under the control of the two methods’ interference performance. In order to ensure
the fairness of the comparison, the two methods should be simulated and compared under
the same converter circuit system.

The effectiveness of the proposed control strategy is verified by the following simula-
tion. The parameter values of the simulation experiment are shown in Table 3. To further
illustrate the advantages, this paper compares the NDO-Integral SMC scheme with the
GPIO-SMC scheme. A MATLAB simulation is used to compare the two methods:
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Table 3. Parameters of simulation system.

Descriptions Parameters Values
Input voltage Vin 20V
Reference voltage Vet 5V
Inductance L 1x10~*H
Capacitance C 1x1073F
Switching frequency fs 20 kHz
The power of CPL P 6W
Load resistance R 50 Q)

In Method 2, the switching function of the system can be designed as follows:

{ s =kixg +xp +dq ~|—k2f0tX1dt (32)

s = kl(X2+d1)+>.(2+d1+k2X1,

Then, the switching signal is as follows:

__IC q,) = Xt Vet . X2 40
u= Vi |:k1 (Xz + dl) IC R, C +dy +d; + koxg +nsat(s) |, (33)

Since the observers used for load estimation provide composite controller reference
values, it is necessary to first design their parameters to ensure that the observers can
accurately estimate the power of the load. The size of gain [; and I, will affect the accuracy
of the observer in tracking load power. In order to investigate the tracking effect of the I;
size on the observer’s load power, the parameters k1, kp, and I, are first fixed to 200, 1000,
and 200, respectively, and the observer’s observation effect is observed by setting different
values. As shown in Figure 13a, when the CPL power jumps from 5 W to 10 W, the observer
can quickly track the fluctuation of load power as the gain /1 increases. The gain /; can be

set to 1000.
15 T T T T T 20 r - - -
15} Pref 10 -
10 12=200 | /
o 12=500 )
- ( E 10 12=1000 5 "\
E & l0r 12=2000 [
~ Pref 0
5 1=200 ] . 0.2 0.205
11=500 S .
11-1000
11=2000
o . ] | ] . 0 ! L L 1
S 5 bl
0.19 0.195 02 0.205 0.21 0.215 0.22 0.05 01 0.15 02
Time(s) Time(s)
(a) (b)

Figure 13. Load estimation performance of I; and 1, under different values: (a) load estimation
response with different values of 1; and (b) load estimation response with different values of 1,.

The same settings k; = 200 and k, = 1000, fix /; at 1000, and different values of I,
will be set to observe the impact of their magnitude on the performance of load power
fluctuation estimation. From Figure 13b, we can see that when I, < 2000, as /; increases, the
observer’s tracking effect on load power fluctuations remains almost unchanged. However,
when I < 2000, the observer was unable to accurately estimate the fluctuation of load
power. To prevent the observer from being unable to track load-power fluctuations, the
gain I, was set to 200.
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Upus(V)

Afterwards, it is necessary to adjust the relevant parameters of the composite controller.
To obtain the impact of parameter changes on the DC bus voltage, first fix k; at 200 and
observe the fluctuation of DC bus voltage by setting different values of ky, as shown in the
Figure 14. From Figure 14a, it can be seen that, as k; increases, the time it takes for the bus
voltage to recover to its steady-state value becomes shorter. However, when k; exceeds
1000, the time it takes for the bus voltage to recover to the stable value does not change, so
ko will be set at 1000.

505

4.95 |

49}

485

4.8

0.05

L] T L]
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K2=1000 495 T
‘;, 49 |- x
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1 1 1 1 1
0.1 T.().IS 02 0.25 0.05 0.1 0.15 0.2 0.25
ime(s) Time(s)
(a) (b)

Figure 14. Load estimation performance of k; and k, under different values: (a) voltage tracking
response with different values of k; and (b) voltage tracking response with different values of k;.

After obtaining /1, I, and k», analyze the impact of their values on the DC bus voltage
by setting different k; values. From Figure 14b, it can be seen that as k; gradually increases,
the fluctuation amplitude of the DC bus voltage increases. When k; = 1000, the DC bus
voltage even exhibits oscillation, so k; can be set at 100.

5.3. Analysis of Simulation Examples
5.3.1. Keep the Constant Power Load and Change the Load Resistance

The load resistance experiences a sudden change during the simulation; that is, the
resistance drops from 20 ) to 10 ) at 0.04 s and then rises to 20 () at 0.08 s.

For three-phase interleaved parallel converter systems with matched and unmatched
disturbances, as shown in Figure 15a, both methods can make the output voltage rapidly
approach the set reference value, and there is no steady-state error in the output voltage.
However, it is clear from Figure 15a that the output voltage response time of Method 1 and
Method 2 is about 0.005 s and 0.009 s, respectively, so Method 1 has a faster convergence
speed. As shown in Figure 15b, although the overshoot of the inductance current in
Method 1 is greater than that in Method 2, the rise time and adjustment time of Method 1
are about 0.002 s and 0.004 s respectively. Both are less than the rise time and adjustment
time of Method 2. As shown in the controller output in Figure 15c, the response speed of
controller output, u, in Method 1 is higher than that in Method 2, and the convergence time
of the controller is shorter.



Sustainability 2023, 15, 9720

20 of 25

2.0
(T (—— "\ = GPIO-SMC
51 = o .
? /’ o o 1.8 —— NDOB-SMC
f
4 - “
I
=7 i
>0 “ — J'/ i
\/ N -
24| ‘
w l
w( .
l _ I‘} I
GPIO-SMC
—— NDOB-SMC
0 T T T T T M
0-00 002 e ok 0.08 0.10 0. 00 0.02 0. 04 0. 06 0.08 0.10
Time/s Time/s
(a) (b)
0.30
20
.
0.254 ‘—xy.:)
18
0.20
I 16
= Q
= 0.159 “ \ S
; — 14
0.104/
‘ = 12
0.054
——— GPIO-SMC 104
—— NDOB-SMC load resistance
0.00 T T T T T T T T
0. 00 0.02 0. 04 0. 06 0.08 0.10 0. 00 0.02 0.04 0.06 0.08 0.10
Time/s Time/s
(c) (d)

Figure 15. Comparison of output responses under load variation: (a) output voltage, (b) inductive

current, (c) control input, and (d) load resistance.

Figure 16a,b capture the estimation effect of the GPI observer on the unmatched
disturbance and the matched disturbance, respectively. From the comparison results
in Table 4, it can be seen that at the moment 0.04 s, the resistance drops from 20 Q) to
10 ), and the estimated convergence time of the observer’s sum is 0.014 s and 0.006 s,
respectively. The resistance increases from 10 () to 20 () at 0.08 s, and the convergence
time of the observer is 0.012 s and 0.007 s, respectively. It can be seen that when the load
resistance changes abruptly, the GPI observer can quickly track the value of the disturbance
and make an accurate estimation of and match the disturbance, thus further proving
that the GPI observer has strong adaptability to the resistance load change in the system;
that is, the observer has a fast response speed and good accuracy when estimating the

system interference.
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Table 4. Comparison of dynamic response of the proposed controller under changes in load resistance.

P=6W, Vet =5V, Ry =10~20 Q

Method GPIO NDOB
Input voltage 20V 20V
Setting time 0.045~0.08 s 0.04 5~0.08 s

Voltage recovery time 0.005 s 0.009 s
Current recovery time 0.002's 0.004 s
Voltage overshoot 0.056 V 0.144V

Current overshoot 0.064 A 0.102 A

50 2 x10*

r
|
T

-
7

RIS
BB,

=50

-100
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d, actual value
d, estimated value — d, estimated value
T T -10 T T T T

0. 08 0.10 0.00 0.02 0. 04 0. 06 0.08 0.10

Time/s

(a) (b)

Time/s

Figure 16. Estimate of the observer under load variation: (a) estimation of unmatched perturbations,
dq; and (b) estimation of matching perturbations, d;.

5.3.2. Keep the Load Resistance and Change the Constant Power Load

The constant load power was changed during the simulation; that is, CPL rose from 6
W to 8 W at 0.04 s and then dropped to 6 W at 0.08 s.

As can be seen from the output voltage response curve in Figure 17a, Method 1 not
only minimizes the voltage drop but also minimizes the recovery time. Although Method 2
can also keep the system stable, it sacrifices control performance to some extent. From the
inductor current curve in Figure 17b, it can be seen that the recovery speed of the Method 1
curve is significantly faster than that of Method 2. As shown in the controller output of
Figure 17c, the response and convergence speed of the controller output, u, of Method 1 are
higher than those of Method 2.

As shown in Figure 18, the convergence time of the observer pairs and estimates
are 0.015 s and 0.007 s, respectively. At 0.08 s, the power of the constant power load
decreases from 8 W to 6 W, and the convergence time of the observer is 0.014 s and 0.007 s,
respectively. The GPI observer can quickly track the value of the disturbance and make
accurate estimates of and match the disturbance.
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Figure 17. Comparison of output responses under CPL variation: (a) output voltage, (b) inductive

current, and (c) control input.
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Figure 18. Estimate of the observer under CPL variation: (a) estimation of unmatched perturbations,
dj; and (b) estimation of matching perturbations, ds.
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In short, from the comparison results in Table 5, it can be seen that the converter under
the control of Method 1 has a faster output voltage response, better transient performance,
and greater anti-disturbance ability.

Table 5. Comparison of dynamic response of the proposed controller under CPL changes.

P=6~8W, Ver=5V,Ry =20 O

Method GPIO NDOB
Input voltage 20V 20V
Setting time 0.04s~0.08 s 0.045~0.08 s
Voltage recovery time 0.007 s 0.01s
Current recovery time 0.005 s 0.009 s
Voltage overshoot 0.025V 0.108 V
Current overshoot 0.069 A 0.078 A

6. Conclusions

Aiming at the precise power control of three-phase interleaved bidirectional converters
in a DC microgrid under the variation of supply voltage and constant power load, a
GPI observer sliding-mode control method based on a super-twisting algorithm was
proposed. The proposed high-order sliding-mode control strategy can stabilize the output
voltage at the expected CPL power value and generate errors between the inductance
current and the output voltage of the converter on the sliding-mode surface. By combining
the interference estimations, smaller switching gains can be achieved without sacrificing
interference suppression, thus ensuring the stability of the output voltage.

Finally, the effectiveness of the control algorithm was verified by comparing the
simulation results of the proposed control method with the classical method. The transient
recovery index and anti-interference capability of the controller were further improved.
The results show that the proposed method can ensure that the output voltage of the
system converges to the reference voltage, and this controller further improves the transient
recovery index, anti-interference ability, and vibration-reduction performance of the system.
The advantage of the controller is that it can quickly improve the rate of convergence of the
system state, which is the disadvantage of the traditional observer.
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