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Sliding Mode Control With Grid Voltage Modulated Direct
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Abstract: In this study, a sliding mode control (SMC) based on the grid voltage modulated direct power control (GVM-DPC) is
designed for a three-phase pulse-width modulated (PWM) AC-DC converter (rectifier) system. The GVM-DPC method makes
the differential active and reactive power equations of the PWM rectifier system transform into a linear time-invariant system from
a linear time-varying one. Thus, the conventional linear control techniques consisting of feedback and feedforward controllers
are applicable to control active and reactive powers independently. The proposed method is guaranteed that the closed system is
globally exponentially stable. In order to maintain a constant dc-link voltage, an SMC method is employed to generate the active
power reference of the GVM-DPC method. From the simulation results, the proposed method improves the transient performance
of the system and has a robust property to the parameter mismatch.

Key Words: AC-DC converter, grid voltage modulated direct power control, sliding mode control, transient performance.

1 Introduction

Power converters have recently gained tremendous atten-
tion due to a broad range of applications such as smart grid,
flexible AC transmission systems, renewable energy sources
(wind and photovoltaic), and energy storage systems [1—4].
One of the key devices of power converters is a three-phase
AC-DC converter (rectifier) with the pulse-width modulation
(PWM), which are widely used in various applications, e.g.,
distributed generation systems, drives of electrical motors,
uninterruptible power supplies, etc. [5—7]. One of the most
important control objectives of rectifier system is to control
its dc-link voltage at a certain constant value.

Normally, two decoupled proportional-integral (PI) con-
troller are designed for the PWM rectifier system in a syn-
chronous rotating reference frame to control d—g axes cur-
rents independently [8]. The controller designed in the syn-
chronous rotating reference frame has an advantage that
it converts the rectifier system from ac signal to dc one.
Based on this concept, various control algorithms are ap-
plied to the PWM rectifier system, e.g., sliding-mode control
(SMC) [9], passivity-based control [10], and model predic-
tive control [11], etc. In order to apply the synchronous ro-
tating reference frame, normally, a phase lock system is used
to extract the phase of the grid voltage, which suffers from a
slow dynamical response.

To deal with such issue, the method based on direct power
control (DPC) is designed through the calculation of active
and reactive powers [12]. One of the advantages is that the
DPC method eliminates the inner-loop current regulators.
However, it obtains a variable switching frequency, which
causes a difficulty for the filter design. To overcome such
problem, the space vector modulation (SVM) based DPC
method is proposed to achieve a constant switching fre-
quency [13, 14]. In addition, the SVM-DPC proposed in [15]
obtains a low total harmonics distortion line currents with-
out using positive and negative sequence components un-
der unbalanced grid conditions. In order to obtain an active
power oscillation cancellation automatically, a novel defi-
nition of reactive power based on pq theory has been ap-
plied in DPC strategy [16, 17]. This method provides a con-

stant active power and sinusoidal grid currents even under
an unbalanced grid condition. Furthermore, a model predic-
tive control (MPC) based DPC strategy has been applied to
power converter applications [11]. The MPC-DPC calculates
duty cycles for the rectifier system in every sampling pe-
riod, i.e., it acheives a constant switching frequency [18].
One of the main problems is that an incorrect voltage se-
quence selection will adversely affect the converter perfor-
mance [19]. Moreover, the computation time is a critical
issue. Recently, Gui ef al. introduced a grid voltage modu-
lated (GVM)-DPC algorithm for voltage source converters
(VSCs) firstly in [20], and later developed this into a grid-
connected voltage source inverter [21]. The main advantage
of the GVM-DPC is that it can transform the DPC model
of VSCs to a linear time invariant system. That means the
various linear technique could be used based on the GVM-
DPC technique. Moreover, Gui et al. proved that the DPC
model with the GVM-DPC is mythically same with the cur-
rent model in the synchronous rotating reference frame [22].
That means the GVM-DPC concept could be used various
applications with consideration its benefits [23-27].

Furthermore. in order to obtain an enhanced dynamic per-
formance of the dc-link voltage, feedforward control tech-
niques have been researched by considering the mismatched
power/current disturbances [28, 29]. In addition, to remove
the load current sensor on the dc-link for the improvement
of the reliability and decrease of the cost, disturbance ob-
servers are designed to identify the load current or power
disturbance [9, 30]. However, the disturbance observer is not
studied in this paper.

Although, the GVM-DPC algorithm was firstly employed
to the three-phase rectifier system [24], the input-output lin-
earization (IOL) method is used to control the dc-link volt-
age. Compared to the work in [24], we modify the GVM-
DPC for the ac-side of rectifier system in order to obtain a
conventional two second-order system. Then, it is guaran-
teed that the closed system is globally exponentially stable;
Moreover, we use an SMC method to regulate the dc-link
voltage in order to enhance the regulation performance com-
pared to the IOL method proposed in [24]. The effectiveness
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Fig. 1: Three-phase two-level PWM rectifier.
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of the proposed method is validated through a simulation us-
ing MATLAB/Simulink and PLECS blockset.

The rest of the paper is organized as follows. In Sec-
tion 2, the model of the rectifier system combining ac and
dc side is introduced. In Section 3, we present the design
of the modified GVM-DPC and SMC for the dc-link volt-
age in detail. Section 4 shows the simulation results using
MATLAB/Simulink and PLECS blockset. Finally, the con-
clusions are given in Section 5.

2 Modeling of PWM Rectifier System

Fig. 1 shows the configuration of a typical three-phase
two-level PWM rectifier connected to the grid with an L-
filter. Vs ape, Ly abes Rsabes is.abe> and ugp are the three-phase
of grid voltage, filter inductance, filter resistance, line cur-
rent, and rectifier voltage, respectively. V. is the voltage at
the dc-link, where C is the dc-link capacitor. I, is the current
flowing into the load at the dc-link,

2.1 Model of AC-Side

In this study, we consider a balanced grid voltage, where
the relationship between the grid voltage and converter volt-
age could be described as follows [31]:

. di,
Vsa= Rsala + Lyg E + Uq,
di,
vsb= Rypip +st7: +up, ey
. di,
Vse= Rycic +L307; + Uc.

Assumption 1. We assume that the filter inductances and
resistances of the three phase are the same in this study, i.e.,
Ly, = Lg, = Lye = Ly and Ryy = Ry = Ryc = Ry.

Based on the Clark transformation, the system in (1) is
represented in the stationary reference frame as follows:

di
Vsa= Rsig + L d:c +uUq,
2

. dig
Vsg= Rslﬁ —|—LSI —i—uﬁ,

where v;q and vyg indicate the grid voltages, Rsq and Ryg in-
dicate filter resistance, Ry, and Rsﬁ indicate filter resistance,
iq and ig indicate the output currents, and u, and ug indi-
cate the rectifier voltages in the stationary reference frame,
respectively.

Based on the definition of instantaneous active and reac-
tive powers in the stationary reference frame, we can use the

following equations.

3, :
P= 5 (Vsarlso + VsB lsﬁ)a
3

3, :
0= D) (Vsﬁ Lsa — onclsﬁ)a
where P and Q are the injected active and reactive powers of
rectifier system, respectively. If we differentiate the injected

active and reactive powers of rectifier system in (3) with re-
spect to time, then their variations are expressed such as

dp — 3(. dVSOC disa . dvs[i dlsﬁ
dt 2 <l““ ar Vg BTy TV )
g 3 ( dvgg disq . dvsg disﬁ)

“

dr 2 \BTg VBT TP T Ve

Since we consider a nondistorted grid in this study, we can
define the grid voltage in the stationary reference frame as
follows:

Vsq = Vycos(@t), vyg = Vssin(wt), (5)

where V; indicates the magnitude of vy, g and @ indicates
angular frequency of vy, g. If we differentiate the grid volt-
age in (5), then its variations could be expressed such as:

d
;m = —oVsin(or) = —ov,

o ©)
d;ﬁ = oV;cos(®t) = OV

Considering from (2) to (6), we can obtain the dynamics
of the injected active and reactive powers of rectifier such
as [32]

dP R, 3 32
E:—L—SP—(DQ‘FTLS(VsaMa‘FVSﬁMﬁ)_TLSVS7 .
40 _

R 3
= = P — ZQ+ 2—Lx(vsl;ua — Vsallg)-

where uq and up are the control inputs (rectifier voltages).

Remark 1. Notice that the dynamics of the injected active
and reactive powers in (7) describes a time-varying system
since the grid voltages multiply by the control inputs.

2.2 Model of DC-Side

In this study, we neglect the system losses. Thus, the
power variation in the dc-link capacitor can be expressed as

avy.

dt
where P, is the active power stored in the capacitor, P is
the injected active power of the rectifier system from ac to
dc-side, and P, is the consumed power by the load con-
nected in the dc-side. Since we consider a resistor load in
this study for the sake of simplicity, Pj,,s can be represented
such as

Pcap =CVy = Prec — Pioads (®)

Proaa = Vaelye- 9
Consequelty, the dynamics of the dc-link voltage could be
simplified by substituting (9) into (8) such as
dVdc o Pree 1 1
i~ C Ve C%
Remark 2. Notice that the dynamics of the dc-link voltage
in (10) is nonlinear due to the state in the denominator.

(10)



3 Controller Design for PWM Rectifier

To simplify the controller’s design, an LTI system is
needed as a system described in the d-g frame. To this
end, we find a relationship between DPC model and system
model in the d-g frame.

3.1 Voltage Modulated DPC

In order to obtain an LTI system, we apply the grid voltage
modulated (GVM) inputs such as [24]

UGvMI = 3 (Vsatta +Vspup),

3 (11
UGYM1 = E(Vs/s Ug — Vsallp)-
Then, the dynamics of the injected active and reactive pow-
ers of rectifier in (7) is rewritten such as

dP Ry 3

— == P— 00— V] +ucvmi,

dt Ly 2L, (12)
49

or- R0y
= - — u .
di L GVM2

Remark 3. The dynamics of the injected active and reactive
powers of rectifier in (12) is changed into an LTI system.

At first, we define that P* and Q" are the references of
injected active and reactive powers of rectifier, respectively.

Theorem 1. Consider the system in (12) and the controller
such as

RS 3 2 *
UGV M1 - :fp+ 0Q + ivs +Kp1(P*—P)
A A
YK / (P* — P)di, (13)

ugvmr. =— OP+Kpy (0" — Q)+ Kp /(Q* —Q)dt,

where Kpi, Ky, Kpa, and Ky are any positive values; the
closed-loop interconnection of the system and controller is
exponentially stable. O

Proof. At the first step, we define that errors of injected ac-
tive and reactive powers of rectifier as follows:

ep:=P" —P,
. (14)
6‘Q = Q - Q7
then, we can obtain error dynamics such as
ép=P"—P,
e (15)
EQ = Q — Q

For the simplicity, we consider the references of injected
active and reactive powers of rectifier as constant in this
study. Then, substituting (13) into (15), we can obtain the
closed-loop system such as

ép = Kprep+Kp /€Pdl7
' (16)
ég = Kpeg JrK[g/ele‘.

Let us define the new variables as follows:
yp =P —P
Yo=0"-0.
Then, the whole closed-loop system with (16) and (17) could

be represented as follows: Differentiating (16) with respect
to time yields

a7

ép _KPl —KH 0 0 ep
vp| | 1 0 0 0 Yp
éo 0 0 —Kpy —Kp| |eg|’ (18)
Vio o 0o 1 0 |lw
N~ ~——
x Ay x

where x and A.; are the state and the state-space matrix of
the closed-loop system, respectively. If Kpy, K1, Kpp, and
K, are positive values, then A.; has all negative eigenvalues.
That means the closed-loop system is exponentially stable.

O

It is obvious that the closed-loop system consists of two
independent second-order systems, which corresponding to
the active and reactive power, respectively. The detailed con-
troller gain design process could be found in [24]. In order
to obtain the original control inputs (rectifier voltages), we
can use the inverse of (11) such as

2L VsaUGVM1 — VsBUGY M2
Uy = —— )

3 V2
(19)
B 2L VUGV M1 F Vsa UGV M2
"3 V2 '

s

3.2 DC-Link Controller

In order to control the dc-link voltage at a constant value,
we design an SMC method, which is one of best tracking
solution. In this study, we neglect the losses between the in-
jected power of the rectifier and dc power.

Let us define a sliding surface s as follows:

= Kev Vie=Vao) + Ki, [ (Vi =Vae)dr, (20

where Kpy, and Kjy, are the controller gains. V. is the
reference of V;.. On the surface (i.e., s = 0), the motion is
governed by

Kpy, (Vi.—Vac) + Krv,, /(Vd*c —Vye)dt =0 21)

Remark 4. Choosing Kpy, > 0 and K;y, > 0 guarantees
that the dc-link voltage tends to its reference as the time
tends to infinity and the rate of convergence can be deter-
mined by the selection of Kpy, and Ky, .

Thus, we can obtain the following equation.
§=Kpv,. (V. —Vae) + Kiv,, (Ve — Vae), (22)

Normally, the dc-link voltage is regulated to a constant value,
hence, V. = 0 in this study.

Theorem 2. Consider the system in (10), if we take a control
law such as

K CV C *
M(Vdc — Vdc) +Kssat( )a (23)

S
Prec = Ichdc + KP,Vd(. E
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Fig. 2: Block diagram of the proposed method for a two-level PWM rectifier.
where Table 1: System parameters used in simulation
s 7 if Is| < Je| .Pararn.eter Symbol | Value | Unit
sat( s )= € X Nominal grid voltage Vea,rms 110 \%
€ +1, ’f s>& Nominal grid frequency f 50 Hz
L ifs<-e Filter inductance L 5 mH
and € is a positive constant value and taking the controller Fﬂte? resistance R 0.15 Q
gain K > 0, then the trajectory reaches the boundary layer D(f_hnk Volt'age Vae 500 v
Is| < & in finite time. Dc-link capacitance C 1100 | puF
- Switching frequency Ssw 10 | kHz

Proof. At first, we take a Lyapunov function candidate such
as

1
V:EK (24)

The derivative of Lyapunov function candidate in (24) esults

m
V =ss
=9 [KP’Vtic (Vdc‘ - Vdc’) + K1y, (Vdc - Vdc)] :

If we apply a control law in (23), then in s > €, (25) yields
V= —Kls| (26)

It is obvious that if K; > 0. then the trajectory reaches the
boundary layer |s| < € in finite time. O

Remark 5. From Theorem 2, we can conclude that the dc-
link voltage reaches the boundary layer |s| < € in finite time.
After that, the the dc-link voltage will converge to its refer-
ence based on Kpy, and Ky, .

It should be noted that the control input, P, in (23),
is generated and sent to the reference of the active power
in (13). Consequently, the whole block diagram of the pro-
posed method is shown in Fig. 2.

4 Performance Validation

To validate the proposed SMC of GVM-DPC method, we
use MATLAB/Simulink to implement the control algorithm
and PLECS blockset to conduct the electrical system. The
parameters of the system used in the simulation are listed in



Table 2: Controller gains used in simulation

Methods | Kpy,. | Ky, | Ks €
SMC 1 10 200 | 0.2
IOL 100 1000 - -

Table 1. The proposed method is compared with the IOL of
GVM-DPC proposed in [24]. The controller gains of both
method used in the simulation are listed in Table 2.

At first, we compare two methods when the load is con-
nected to dc-link at 0.05 s. Fig. 3 shows the performance
of the proposed method and the IOL method. The proposed
method has a faster convergence time and a smaller over-
shoot in the dc-link voltage than the IOL method using 100
times larger gains, as shown in Fig. 3(d). We can observe
that the trajectory with the proposed method reaches its slid-
ing surface in the finite time and remains inside the bound-
ary layer. After that, it converges to its equilibrium point
smoothly, as shown in Fig. 4. In addition, we also test a case
that there is parameter mismatches between the control im-
plementation and real system. Normally, the capacitance of
the dc-link capacitor will be decrease after a certain oper-
ation time. At this case, we assume that the capacitance in
the control implementation has 50% of the nominal value.
From Fig. 5, we can observe that the proposed method has
the same performance. However, the performance of the IOL
method is adversely affected by the parameter mismatch,
however.

5 Conclusions

In this paper, we modified the GVM-DPC for three-phase
PWM rectifier to control instantaneous active and reactive
powers. The SMC is used to obtain the power reference of
the ac side in order to maintain the dc-link voltage at a cer-
tain value. Simulation results show that the proposed method
effectively reduces the overshoot of the dc-link voltage and
be robust to the parameter mismatch of the capacitance of
the capacitor at the dc-link.

In the future work, a high-order SMC strategy could be
considered to avoid the chattering phenomenon. In addition,
the disturbance observer of dc-link current will be designed
to remove the current sensor for the improvement of the re-
liability and decrease of the cost.
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