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Abstract: Three-phase voltage PWM rectifier is a multivariable, strong coupling, nonlinear multi-
input and multi-output system. In the design of rectifier control systems, with PI control it is difficult
to achieve the ideal control effect, the dynamic performance is poor, and the parameter computation is
complex. Moreover, the traditional sliding mode control voltage outer loop suffers from the problem
of chattering, which is difficult to solve. Responding to the above issues, a new type of variable
speed reaching law is proposed, which is applied to the voltage outer loop sliding mode control,
while the feedback linearization principle is introduced to the current inner loop, and a new type
of double closed-loop sliding mode control system is obtained by applying the two theories to the
design of the sliding mode controller. A simulation model is established in MATLAB/Simulink to
compare the PI control, the SMC control and the V-SMC control strategy proposed in this paper
(voltage outer loop V-SMC current inner loop FLC-SMC control), and the simulation results show
that the rectifier under the new dual-closed-loop sliding mode control strategy has the advantages
of good dynamic performance, strong robustness and strong anti-interference ability. At the same
time, compared with the traditional sliding mode control strategy, the vibration suppression effect
under the proposed control strategy is obvious. Finally, a 10 kW rectifier control system is built on
a semi-physical hardware-in-the-loop experimental platform to further verify the correctness and
superiority of the proposed control strategy.

Keywords: new variable speed reaching law; feedback linearization; sliding mode control;
vibration shaking

1. Introduction

With the increasing depletion of global fossil energy and the intensification of environ-
mental pollution problems, the effective utilization of clean, renewable ocean energy has
become a strategic choice for the world’s major coastal countries [1], and the International
Energy Agency predicts that the global supply of renewable energy will reach more than
50% in 2035 [2]. At the same time, the development and utilization of marine energy is
of great significance to the power supply of coastal areas, offshore islands and offshore
reefs, and is the strategic frontier to protect national security and safeguard marine rights
and interests [3]. As a kind of marine energy that has been re-emphasized and developed
in recent decades, ocean current energy has the characteristics of strong regularity, pre-
dictability, energy stability and high energy density [4]. The flow rate range of seawater
that can effectively generate electricity is 0.6-3.5 m/s, the rated flow rate is generally 2 m/s,
the grid-connected flow rate is 1 m/s and the cut-out flow rate is 3 m/s [5-7]. Ocean
current energy has a relatively fixed law of change, but depending on the season, the
topography of the channel and climate and other factors, the actual seawater flow rate will
fluctuate within a certain range. The generator in ocean current energy generation adopts
a permanent magnet structure; permanent magnet excitation cannot be adjusted; output
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voltage and frequency are positively correlated with speed; therefore, the power generated
has a wide output characteristic. The three-phase uncontrolled rectifier series DC/DC
converter is mostly used in ocean current energy generation to transform the power issued
by the front stage into the DC bus; this uncontrolled rectifier injects harmonics into the
machine side, which leads to internal heating and loss in the generator, reduces the power
generation efficiency and decreases the generator’s service life. The three-phase PWM
rectifier has the characteristics of high power factor, small current harmonic distortion on
the AC side and adjustable output voltage on the DC side [8], which is more suitable for
application in ocean current energy generation. This kind of rectifier is usually controlled
via the traditional PI control strategy, which is characterized by cumbersome parameter
calculations and poor dynamic performance under complex operating conditions [9]. The
three-phase PWM rectifier is a multivariable, strongly coupled, nonlinear multi-input and
multi-output system. The traditional linear control method is not applicable to the rectifier
system. In order to improve the control effect of the rectifier, scholars have proposed a lot
of control methods, and sliding mode control is one of the most important ones, which has
the characteristics of fast dynamic response speed and strong anti-interference ability.

Aiming at the nonlinear, multivariable and strong coupling characteristics of the
rectifier, reference [10] designed a sliding mode controller with selectable functions in the
current inner loop, and analyzed the principle of sliding mode control, but did not solve the
problem of jitter vibration in the control process. Reference [11] designed a dual-closed-loop
all sliding mode controller scheme, while using the exponential reaching law to reduce the
jitter; the dynamic performance and robustness were significantly improved and enhanced.
Reference [12] proposed a higher-order sliding mode control scheme combining the integral
sliding mode surface and the end-sliding mode surface; at the same time, the authors
proposed a higher-order sliding mode reaching law, which effectively reduces the jitter
phenomenon of the sliding mode surface, and it has great engineering application value, but
the amount of calculation is large. Reference [13] proposed a control scheme that combines
a sliding mode observer and a sliding mode control strategy to enhance the anti-interference
capability of the rectifier’s DC-side voltage as well as the stability of the grid-side current
operation, so as to enable it to operate normally under a variety of complex operating
conditions. Reference [14] proposed a sliding mode control scheme incorporating a linear
expansion observer to further enhance the stable operation of the DC voltage. Reference [15]
proposed a method to suppress DC bus voltage doubling frequency pulsations under
grid voltage unbalance by using a fractional-order sliding mode control strategy for DC-
side bus voltage to solve the problem of negative sequence components of AC currents
which results in DC bus voltage doubling frequency pulsations in grid-connected AC-DC
hybrid microgrids with AC-side voltage unbalance. Reference [16] proposed a model
predictive sliding mode control scheme and designed an optimized model predictive
control algorithm, which further improves the steady-state performance of the system by
reducing the number of algorithmic optimization searches. References [17-20] propose
more improvement schemes for sliding mode control strategies.

The improved control strategy of the three-phase voltage PWM rectifier proposed
in this paper is applied to ocean current energy generation, so it is more important to
ensure that it can operate safely and stably, which puts forward higher requirements on
the performance of the rectifier. In this paper, a new variable speed reaching law (Variable
Speed Reaching Law, VSRL) design scheme is proposed, the voltage outer loop sliding
mode controller based on the new variable speed reaching law is designed (VSRL-SMC), the
feedback linearization control (Feedback Linearization Control, FLC) method for nonlinear
systems in the inner loop is introduced, and FLC is combined with sliding mode control
(Sliding Mode Control, SMC) to form the current inner-loop feedback linearization sliding
mode controller (FLC-SMC), which ultimately realizes the voltage-current double-closed-
loop sliding mode control system. Finally, MATLAB/Simulink simulation experiments are
carried out to compare the control effects of PI control, SMC control and the V-SMC control
strategy proposed in this paper (voltage outer loop V-SMC current inner loop FLC-SMC
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control); at the same time, the control system of a 10 kW rectifier is built to carry out
semi-physical simulation experiments, which verifies the superiority and feasibility of the
control strategy proposed in this paper.

2. Mathematical Model of Three-Phase Voltage PWM Rectifier

Figure 1 shows the circuit structure of a three-phase voltage PWM rectifier. ey is
the three-phase AC-side input voltage; uy is the AC-side voltage after filtering; uyy, is
the neutral point to the ground voltage value, usually 0. i is the three-phase AC-side
input current; R is the sum of the equivalent resistance of the filtering inductor and the
equivalent resistance of the power switching tubes; L is the filtering inductor; C is the
DC-side capacitance; R is the DC-side load resistor; iq. is the load current; uy. is the
DC-side voltage; T1-Tg are the six power switching tubes, each of which is connected in
parallel with freewheeling diodes D;-Dg; the N-point is the DC bus reference point. At the
same time, the saturation of the inductor L on the AC side is not considered; the power
switching tubes are all ideal devices; harmonics caused by switching on and off are ignored,
and so on.

lidc

Ry

[V

11~

Figure 1. Three-phase voltage PWM rectifier circuit structure.

Define si as the bridge arm switching state:
_ | 1,Upper bridge arm on, lower bridge arm off (1)
~ | 0,Upper bridge arm off, lower bridge arm on

Assuming that the input voltage on the AC side is a three-phase symmetrical sinu-
soidal signal with a phase difference of 120°, based on the circuit structure in Figure 1, the
mathematical model of the three-phase voltage PWM rectifier in the three-phase stationary
coordinate system can be obtained as:

L% =e; —igR — (ua + uNo)
Lﬁ =e, — R — (Z/lb + uNo) @)
Lﬁ =e;— iR — (e + upno)

d . . . .
Coe = igsq + ipSp + icSc — lge

The mathematical model in the two-phase rotating coordinate system is obtained after
Clark and Park transformations as:

L4 = ¢; —iyR — ug + wliy

di . .
L% = ey — igR — ug — wLiy 3)
C ch =454 + iqu —l4c

We found that the dg axes are coupled to each other, which adds difficulty to the
design of our controller; also, with switching functions s; and s; as control variables, it
is a nonlinear control system; the inductance value L changes with disturbances, heat
generation, aging, etc., which affects the control system.
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3. Sliding Mode Control Strategy for Three-Phase Voltage PWM Rectifier

Based on the analysis of the previous section, we propose an improved control strategy
using sliding mode control for both the voltage outer loop and the current inner loop.
Sliding mode control has become a common method for designing robust nonlinear control
systems because of its insensitivity to system parameters and disturbances, applicability to
nonlinear control systems and fast dynamic response.

The main disadvantage of sliding mode control is the jitter problem, which is unde-
sirable in most applications, and in general the trade-off between jitter suppression and
arrival time at the sliding mode surface must be considered. In this paper, a novel Variable
Speed Reaching Law (VSRL) design is proposed to reduce the jitter. The voltage outer loop
is based on the VSRL to complete the design of the VSRL-SMC voltage outer loop sliding
mode controller, and the current inner loop is based on the FLC to complete the design of
the FLC-SMC current inner loop sliding mode controller (hereinafter referred to as V-SMC).

3.1. Voltage Outer Loop Sliding Mode Controller with V-SMC Control Strategy
3.1.1. Traditional SMC Design

In general, the motion of the sliding mode variable structure control system consists of
two parts, as shown in Figure 2. Segment AB in the figure is the motion before reaching the
sliding mold surface, which is a state converging to the sliding mold surface and is called
converging mode; segment BC is the motion near the sliding mold surface, which passes
through the sliding mold surface a finite number of times and is called sliding mode.

A,

C Xy

§$=0

Figure 2. Two motion phases of the sliding mold control system.

The design objective of the voltage outer loop controller is to make the DC-side
voltage u,. follow the given reference voltage u,.* and keep it stable, and have a strong
anti-interference ability. According to the mathematical model of the rectifier derived in the
previous section, the error between the commanded value and the actual detected value of
the DC voltage can be selected as the state variable in this paper:

5= udc* — Uge 4)
From the above equation, with u,.* being a constant, we have:

o dug” duge  duge
T Tdt dt — dt ©)

Combining Equations (3) and (5), we have:

i— Uge Saig + sqiq ©)
RpC C

The exponential reaching law is chosen as the reaching law for SMC:

s = —esgn(s) — ks, (e > 0,k > 0) (7)
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s is the state error variable, ¢ is the amplitude of the switching function and k is the
coefficient of the exponential reaching term. The values of £ and k determine the quality of
the sliding mode controller.

This is obtained by combining Equations (6) and (7):

Uge B Sdid + Sq
R;C C

9y esgn(s) +ks =0 (8)

It is clear from the previous content that s; and s, are nonlinear switching functions
that are not easy to control. When the system is in steady-state condition, iq =0, e = 0,

%’ =0, % =0, uge = ug.*, ug = sguge and uy = squg.. Bringing the above conditions into
Equation (3), we obtain:
~ a—Rig
{ s = =il ©
S, A 7(4]le
q ~ Uge

The following can be obtained by bringing Equation (9) into Equation (8):

udcc [ Uge

= e —Ri; |R.C + esgn(s) + ks (10)

Iq

From Equation (10), it can be seen that the voltage outer loop sliding mode controller

no longer depends on the nonlinear switching functions s; and s;, and at steady state, the

output command current of the voltage outer loop i;* —id = 0 can be obtained as the

sliding mode control strategy based on the exponential reaching rate of the voltage outer
loop controller:

i* = ugcC Udc
d eg — Rid RLC

+ Ssgn(”dc* — Uge) + k(udc* — Uge) (11)

In accordance with Equation (11), the block diagram of voltage outer loop sliding
mode control based on the exponential reaching law is shown in Figure 3. The output result
is" is used as the command current at the input of the current controller.

4
N
7

Uac* +
X +Y x Ta*
—— k —O—r

A+ +
Uae > I/R.C

C

Figure 3. Block diagram of voltage outer loop sliding mode control based on exponential reaching law.

3.1.2. Analysis of Variable Exponential Convergence Laws and General Exponential
Convergence Rates

In the previous section, a sliding mode control method based on the exponential
reaching law was introduced to reduce the jitter amplitude via the design of the reaching
rate, but the dynamic performance of this traditional sliding mode control is still a bit far
from the ideal state. In order to analyze the causes of chattering and propose a solution, the
exponential reaching law is rewritten into a discrete form with:

s(n+1) —s(n) = —Tesgn(s(n)) — ks(n) (12)
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Assuming that the state point of the system only moves from the s > 0 side to the
sliding mode switching surface at the moment s(n), we have s(n) = 0, and the value at
s(n + 1) is deduced from the following equation:

s(n+1) =—Te (13)

Similarly, the motion of the state point from the s < 0 side to the sliding mode surface
at moment s(n), with s(n) = 0~, can be obtained:

s(n+1) =Te (14)

The switching bandwidth of exponential reaching rate-based sliding mode control in
discrete form is:
A=Te (15)

After the above analysis, it can be seen that the sliding mode control strategy based on
the exponential reaching law shakes with an amplitude of Te on and off the sliding mode
surface. In order to reduce the vibration, the transformation function ¢(x) can be added to
make the amplitude change to Te¢(x). The transformation function ¢(x) should be chosen
to meet the requirements of both converging the system state point rapidly to the sliding
mode surface with a large reaching rate when it is far away from the sliding mode surface,
and converging the sliding mode surface with a slowed down speed when it is close to the
sliding mode surface and reducing the vibration.

Since the dither problem caused by the sliding mode controller with exponential
reaching rate has a significant impact on the output voltage quality of the DC side of the
three-phase PWM rectifier, based on the above analysis we propose to apply a new variable
speed reaching law to the PWM rectifier, and the designed new variable speed reaching
law is:

s = —ki|s|" " ™sgn(s) — ka|s|' T2sgn(s) — kss, k > 0,5 > 0 (16)

where s is the error function, k1 and k; are the amplitude of the switching function, and k3
is the coefficient of the exponential convergence term; k1 > 0, k > 0 and k3 > 0, in addition
to0<a; <1land 0 <ay. Here, a1 = 0.5 and a; =1 are selected. When the system moves too
far away from the sliding mode surface, |s| is much larger than 1, and the second and the
third terms of Equation (16) act together to make the state point approach with a larger
reaching rate close to the sliding mode surface; when the system is close to the sliding mode
surface, the movement to |s! is less than 1; the first term and the third term act together to
ensure the quality of the motion of the system state point in the process of converging to the
sliding mode; the impact of the second item would be greatly reduced to almost nothing;
when the state point moves to s = 0, the exponential convergence term k3s is almost zero,
and the value of k;|s|144,5gn(s) is also almost zero; at this time, ki|s|;_q,sgn(s) plays
a dominant role. As the error s gradually decreases, ki |s|1_4,5gn(s) also decreases, and
eventually converges to 0; thus substantially reducing the jitter vibration. The above is the
design principle of the new variable speed convergence rate, and the next situation will be
the design of the improved voltage outer loop sliding mode controller.
The improved voltage outer loop sliding mode controller based on VSRL design is:

© % udcc Uge

_ 1—aq 1+ay
" = CR, +kils|” Msgn(s) + ka|s| ""2sgn(s) + kzs (17)

From Equation (21), the block diagram of the VSRL-based voltage outer loop sliding
mode controller system is shown in Figure 4.
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Figure 4. Block diagram of V-SMC voltage outer loop system.

3.2. FLC-SMC Current Inner Loop Slide Mode Controller

Due to the nonlinear characteristics of the PWM rectifier control system, while the
current loop has strong coupling, which leads to the difficulty of designing the control
system, we consider linearizing the nonlinear system while decoupling. In this paper,
we apply the knowledge of differential geometry and use the FLC method to convert the
nonlinear problem into a linear one, and then combine it with the sliding mode control
strategy to design the current inner loop FLC-SMC controller.

From Equation (3), the equation of state of the rectifier in the two-phase rotating
coordinate system is:

ig 1 ( —Rig+wLig+ey -1 0 u
== . : 18
ig L( —Rig —wlig+ e + 0 —% Ug (18)

We take the system state vector tobe x = (x1  x2) T_ (i iq) T the input state vector
T T
tobeu = (uy up) = (ug uq) ,the output state vector tobe y = h(x) = (Iy hz)T =
(ig iq) T and then rewrite the state equation as a mathematical model of the affine nonlinear
system with two inputs and two outputs:

x = f(x)+G(x)u
{ y = h(x) 49

_Rjd . eq _l
From Equation (19), we can see that f(x) = [ _k; + “a + L ),Gx) = ( L 01)
T 1 wiyg + fq 0

= (81(x), &2(x))-
The two-input and two-output affine nonlinear system is verified according to the

conditions for the exact linearization of nonlinear systems [21-24], and the conditions are
satisfied and Equation (19) can be linearized.
Taking the Lie derivative of Equation (19) yields:

{ x1 = Lghy(x) + Lgrh (x)uy 4 Lgahy (x)uy (20)
Xy = thz(x) + Lglhz(x)ul + nghz(x)uz

In the formula: )

Lehy(x) = % + wig + %

Lhy(x) = =1 — wig + 4

Lglhl(x) = LgZhZ(x) =
(

1
1
Lg2h1 x) = Lgll’lz(x) =0
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Assuming that the decoupling matrix A(x) is non-singular, Equation (22) can be
expressed as:

y =B+ A(x)u (21)
_Rig ] _1
Included among these are B = B + w%q + eL ,A(x) = ( L 01
-0 —wig+ 7 0 -7
Take the state feedback control rate as Equation (22), where v = (U1 vz) T,
u=—-A"1x)B+A Y (x)o (22)

The dynamic equation between input and output can be obtained by bringing
Equation (22) into Equation (21):
{W:m (23)

Yo =173

At the same time, we know thaty = (iy i,) T can be obtained:

e (24)

yzzvzziq

Through the above calculations, the nonlinear system synthesis problem of the three-
phase voltage PWM rectifier is converted into a linear system synthesis problem, which
is indirectly realized by designing a linear controller. v; and v; refer to the input function
under the linear system; y is the output function of the linear system, where it represents
the active current iy and reactive current i,, respectively. When the rectifier is operated in

steady state, it outputs active current y; = i, and reactive current y, = iq.

The role of the current inner loop in the system is to make the actual current value
track the commanded current value, which ultimately makes the current satisfy iy = i;"
and iy = i;", so the sliding mode surface is selected as:

= (5)- ()

Derivation on both sides gives:

. . '* o b*
s—<ﬁ>— Tl (26)
When the exponential reaching law is used as the reaching law for the sliding mode
control, it can be obtained by combining Equation (24):

i | _ [ ia" +ersgn(s1) +ksy 27

iq ig" + exsgn(sy) + kso
When the system is in steady-state operation, i;* and i;* denote the active command

current and the reactive command current, respectively, with the active current being a
constant value and the reactive current set to 0. This can be obtained from Equations (22)

and (27): 4
( ud ) _ <L 0) —RT?’ + wig + ¢ —e1sgn(s1) — ks 28)
uq 0 L —% — wig+ F — ersgn(sy) — ksa
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In accordance with Equation (28), the feedback linearized current inner loop sliding
mode control block diagram based on the exponential reaching law is shown in Figure 5.

Figure 5. FLC-SMC current inner loop control system block diagram.

In summary, in accordance with Equations (17) and (28), the three-phase voltage PWM
rectifier double closed-loop sliding mode control block diagram is shown in Figure 6.

e dq —
FLC-SM(| SVPWM | 5|
F—m abc | —»
U([*
5 .
K g mp
V-SMC
Wdc =+ Ude

7

Figure 6. Block diagram of dual-closed-loop sliding mode control strategy for three-phase voltage
PWM rectifier.

4. Simulation Verification

In the previous section, a principle analysis of the double-closed-loop sliding mode
control strategy based on the exponential reaching law and feedback linearization was
carried out, and then a variable speed reaching law that can be varied with the system
state was proposed and a new double-closed-loop sliding mode control structure was
designed. In this section, simulation experiments will be carried out via Matlab/Simulink
to compare the PI control, SMC control and the V-SMC control strategy proposed in this
paper to illustrate the superiority and feasibility of the new control strategy, and the system
parameters of the simulation model are shown in Table 1.

Table 1. Rectifier system parameters.

Parameter Value
AC-side voltage 220 VAC
Rated frequency 50 Hz
DC bus voltage 750 VDC

The grid-side inductance 5 mH
DC-link capacitor 6000 uF
Switching frequency 10 kHz
Nominal power 10 kW

Rated load 56.25 O)
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The controller design parameters are shown in Table 2.
Table 2. Controller parameters.
Controller Control Structure Value
Voltage outer loop I% i 206
PI P
Inner current loop Kp =6
K; =50
SMC outer loop ¢ =1650
SMC k=575
K,=6
1
Inner current loop K; = 50
V-SMC outer loop k1 =069, kp =590, ks = 8
V-SMC a = 0.5, ap = 1
SMC inner loop & =05, & =9050
k=600

The advantages and disadvantages of the V-SMC control strategy, SMC control and
PI control strategy proposed in this paper are compared in terms of their performance in
terms of five aspects, namely, start-up response speed of the system, dynamic performance
when fluctuations in the AC-side voltage and frequency occur, harmonic content of the AC
side, unit power factor and frequency.

4.1. System Start-Up Response

Figure 7a shows the waveforms of the output voltage when the system starts up. The
PI control reaches a steady state at 0.2 s with an overshooting amount of about 7 V; the
SMC control reaches a steady state at 0.13 s with an overshooting amount of about 8 V;
and the V-SMC control strategy reaches steady state at about 0.03 s with no overshooting.
The variable speed convergence law sliding mode control strategy proposed in this paper
has the shortest time for the DC-side voltage to reach the steady state and the fastest
response speed, while the voltage has no overshooting amount, and it has good dynamic
and steady-state performances compared with the traditional PI control and SMC control.

Pl
—V-SMC
—sSMC |

750 H r/

700 H -

Udce/V
v

650 [ us

600

550

Figure 7. Cont.
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(b)

Figure 7. Simulated waveform of DC-side voltage. (a) DC-side voltage starting performance of three
control strategies. (b) SMC DC-side output voltage dither.

From Figures 7b and 9, we can find that there is a voltage jitter of about 0.5 V up and
down in the DC output voltage under the traditional SMC control strategy, whereas the
DC-side output voltage is almost ripple-free under the PI control and the new variable
speed convergence law smooth-mode control strategy.

4.2. Analysis of Three-Phase Voltage and Current Waveforms on the AC Side

Figure 8 shows the three-phase voltage and current waveforms of the AC side under
the three control strategies. It can be found that the time for the three-phase current to
reach steady state under the PI control strategy is longer than that of the other two control
methods, and it takes 0.1 s for the three-phase current to reach a steady state under the PI
control strategy, while the other two control methods reach a steady state in 0.02 s after start
up. Itis also found that there are start-up inrush currents under all three control strategies,
the start-up inrush current is the largest under the SMC control strategy, and the start-up
inrush current is the smallest under the V-SMC control strategy, but it is still very large.
The unit power factor characteristics are very good under all three control strategies.

300 A

200 fHHHH-

100

-100 }

200

-300

Figure 8. Cont.
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600

400 |- | . | | ul

Figure 8. Simulated waveforms of three-phase voltage and current on AC side. (a) PI control strategy.
(b) SMC control strategy. (c) V-SMC control strategy.

4.3. Dynamic Response to Changes in AC-Side Voltage and Frequency

Figure 9 shows the waveforms of DC output voltage when the AC side of the system is
wide input. A value of 0.4 s is found when the motor speed is changed from rated value to
overspeed, the RMS value of the three-phase AC power is 264 V and the frequency is 60 Hz;
a value of 0.6 s is found when it is still overspeed, the RMS value is 286 V and the frequency
is 65 Hz; a value of 0.8 s is found when the motor is restored to the normal operation state,
the RMS value is 220 V and the frequency is 50 Hz; a value of 1 s is found when the motor
speed is below the rated speed, the RMS value is 176 V and the frequency is 40 Hz; a value
of 1.2 s is found when the motor is restored to the normal operation state, the RMS value is
220 V and the frequency is 50 Hz. A value of 1 s is found when the motor speed is lower
than the rated speed, the effective value is 176 V and the frequency is 40 Hz; a value of
1.2 s is found when the motor returns to the normal running state, the effective value is
220 V and the frequency is 50 Hz. Through the simulation results, it can be found that with
the output voltage under the PI control strategy there is a voltage jitter of 2-5V, and at the
same time the regulation time is between 0.05 and 0.15 s, and the dynamic performance is
poor; SMC has a voltage jitter of 1-3 V. A 1-3 V voltage jitter, while the response speed is
about 0.05 s, compared with the traditional PI control strategy, is a big improvement, but
there is the inherent jitter of SMC; the V-SMC control strategy proposed in this paper has
almost no voltage jitter, and the response speed is very fast, and the voltage is restored to
the desired value in about 0.015 s. Voltage overshoot, regulation time and power quality
have better dynamic performance and robustness.
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Figure 9. Simulated waveforms of DC-side voltage at wide input on AC side.

Figure 10 shows the A-phase voltage and current output waveforms at wide input on
the AC side of the system under the new control strategy. When the voltage and frequency
change, it can quickly return to the stable operation state with fast response speed and
good phase-tracking capability.
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Figure 10. A-phase voltage and current waveforms at wide input on AC side. The red line represents
phase A current and the blue line represents phase A voltage.

4.4. Comparative Analysis of Harmonic Content on AC Side

Figure 11 shows a comparative analysis of the harmonic content of the AC side under
the three control strategies. The SMC, due to the existence of its own jitter problem, has a
harmonic content of 3.19%, which is slightly higher than that of the PI control strategy of
3.04%, and the harmonic content of the control strategy proposed in this paper is 2.66%;
the harmonic content of all the three satisfies the technical index of harmonic content lower
than 5%, but the V-SMC harmonic content control is more excellent.
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Figure 11. Harmonic content of AC side of the system under three control strategies. (a) PI control
strategy. (b) SMC control strategy. (c) V-SMC control strategy.

4.5. Power Factor Analysis

From Figure 12, it can intuitively be seen in the PWM rectifier steady-state operation
that it is fully able to achieve normal operation under the unit power factor; in the case
of AC-side voltage and frequency fluctuations, it is also able to quickly return to the
unit power factor operation state, and there is almost no fluctuation; the power factor is
maintained at above 0.99; the dynamic performance is very good.
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Figure 12. Power factor analysis under the novel control strategy.
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4.6. Frequency Analysis

Figure 13 shows the waveforms corresponding to the frequency change of the control
strategy proposed in this paper when the AC side of the rectifier has a wide input. As can
be seen from the figure, the phase-locked loop can accurately perform phase locking, and
can recover to the corresponding frequency value in a very short time when the voltage
amplitude and frequency of the AC-side change abruptly, and the fluctuation is small,
which has almost no effect on the rectifier.
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Figure 13. Analysis of frequency variation under novel control strategy.

5. Experimental Verification

In order to verify the feasibility and superiority of the novel variable speed conver-
gence law smooth-mode control strategy, a 10 kW rectifier system is built on a semi-physical
experimental platform to verify its steady-state performance and dynamic.

Figure 14 shows the semi-physical experimental platform used to verify the control
strategy proposed in this paper. It consists of several parts: host computer, scope, Cbox,
Netbox, interactive machine and voltage and current measuring probe. The analogue
signals output from the corresponding ports of the Netbox board are measured via the
voltage and current probes, and the analogue signals are transmitted to the CPU + FPGA
module of the Cbox, which carries the control part, generates the digital signals through the
arithmetic operation and transmits them into the Netbox, forming a closed-loop process,
thus realizing the experimental verification. In the whole process, the interoperator allows
the host computer, Cbox and Netbox to achieve real-time interconnection; in the host
computer, the hardware part and the control part of the simulation model are divided
and then loaded into the Netbox and the Cbox, respectively, through DeskSim 22.0.5.0;
the oscilloscope monitors the waveforms of the required observation signals in real time.
Figure 15 shows the model loaded via DeskSim software after differentiation.
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Figure 14. Experimental platform.
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BEUDs

Figure 15. The differentiated simulation model loaded via DeskSim software.

Figure 16 shows the experimental waveforms of the AC-side phase A voltage and
current at steady state, the red line represents the AC side current value of phase A, The
blue line represents the AC side voltage value of phase A. It can be seen that the voltage and
current waveforms under the V-SMC control strategy have the highest sinusoidal degree
and can better suppress harmonics, and the voltage and current waveforms under the PI
control strategy have a poor sinusoidal degree, which is consistent with the simulation

analysis results.
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Figure 16. A-phase voltage and current waveforms on the AC side at steady state. (a) PI control
strategy. (b) SMC Control Strategy. (c) V-SMC control strategy.

Through Figure 17, it can be found that the DC-side voltage is stable at about 750 V
under the SMC control strategy, and there exists a voltage jitter of about 0.4 V up and
down, which is the jitter of the intrinsic frequency that exists in the traditional sliding

mode control.
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Figure 17. DC-side output voltage waveform at steady state under SMC control strategy.

Figure 18 shows that the traditional PI control strategy has high harmonic distortion
and low sinusoidal degree with respect to the current waveform in the wide input condition
of the voltage source on the AC side; the current harmonic distortion of the SMC control
strategy is small, and the current harmonic distortion of the V-SMC control strategy is the
smallest; the results of the simulation and analysis are verified via experiments, and at the
same time the design requirements are met.

Figure 19 shows the DC-side voltage waveforms under the three control strategies:
under the PI control strategy, the voltage has a voltage jitter value of about 25 V and reaches
a steady state in about 0.08 s; under the SMC control strategy, the voltage has a voltage jitter
value of about 10 V and returns to a steady state in about 0.1 s; under the V-SMC control
strategy, the voltage has a voltage jitter value of about 2 V and reaches a steady state in
about 0.04 s; and under the V-SMC control strategy, the voltage has a voltage jitter value
of about 2 V. and reaches the steady state in about 0.04 s. Although there is a difference
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between the voltage fluctuation value shown in the experiment and that shown in the
simulation, the difference is not large, and at the same time, the control effect under the
V-SMC control strategy is the best, so the experiment can reflect the superiority of the

control strategy proposed in this paper.
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Figure 18. A-phase current waveform of AC side during dynamic change. (a) PI control strategy.

(b) SMC Control Strategy. (c) V-SMC control strategy.
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Figure 19. DC-side output voltage waveform during dynamic change. (a) PI control strategy. (b) SMC
control strategy. (¢) V-SMC control strategy.

6. Conclusions

In order to suppress the self-jitter existing in the sliding mode control of the three-
phase voltage-type PWM rectifier, and at the same time to use the control method applicable
to the nonlinear system, a new design of the double-closed-loop sliding mode controller
is carried out by combining the two methods of the new variable speed convergence rate
and the feedback linearization. The simulation model is constructed via Matlab /Simulink,
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and the simulation results under PI, SMC and V-SMC control strategies are compared to
verify that the new control strategy proposed in this paper has the advantages of good
dynamic performance, strong robustness and strong anti-jamming ability, and at the same
time, compared with the traditional SMC, the jitter vibration suppression effect is obvious.
The proposed control strategy is further verified to have good steady state and dynamic
performance by building a semi-physical experimental platform.
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