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An Improved Modulation Strategy Without Current
Zero-Crossing Distortion and Control Method
for Vienna Rectifier

Wenjie Zhu", Member, IEEE, Xuewu Li"”, Xiaoya Cao

Abstract—Vienna rectifier with simple structure, which has
gained popularity in recent years for ac to dc power conversion for
many industrial applications such as electric vehicle charging sys-
tems and uninterrupted power system (UPS) systems, accomplishes
the operation of unit power factor. However, the distortion of the
input current near the zero-crossing point is a puzzle that will in-
crease the current harmonic content. In this article, the cause of the
zero-crossing distortion is analyzed, and an improved space vector
pulsewidth modulation modulation strategy is proposed. Moreover,
the sliding mode control for the outer voltage loop and the phase
compensation multiresonance control for the inner current loop
is proposed to improve the dynamic response performance of the
dc side and achieve zero-error control of the ac side. Simulation
and experimental results verify the effectiveness of the proposed
modulation scheme and control strategy.

Index Terms—Harmonic suppression, phase compensated
multiresonance (PCMPR) controller, Vienna rectifier, zero crossing
distortion.

1. INTRODUCTION

HE Vienna rectifier has become a hot research topic owing
T to its low voltage stress, few switching devices, and high
power density. It is widely used in new energy development and
applications, high-power charging systems, and UPS systems

(11, [21, [3], [4], [5].
It is a very important requirement for VIENNA rectifier that
the frequency and phase of the input current should be the
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same as the voltage. Thus, the modulation strategy is one of
the key technologies, which is directly related to the quality of
waveforms and the stability of the whole control system. The
carrier-based pulse width modulation (CBPWM) [6] is widely
used in three-level topologies, which is easy to implement, but
there are large ripples and low dc voltage utilization rates. The
discontinuous pulsewidth modulation (DPWM) [7], [8], [9] is a
common modulation strategy for the Vienna rectifier, however,
the neutral current appears large fluctuations under DPWM.
Compare with these modulation strategies, the space vector
pulse width modulation (SVPWM) [10], [11] not only improves
the voltage utilization rate but also is easier to realize digitally
and adjust easily.

However, the Vienna rectifier has the inherent current zero-
crossing distortion problem, which will increase the total har-
monic distortion (THD) of the grid-side current. In order to solve
this problem, Yao et al. [12] proposed a method of changing
the combination of vector states, but it adds extra computation
and the suppression effect on current zero-crossing distortion is
limited when the modulation index exceeds a certain value. Miao
et al. [13] presented a controller-based compensation method
based on the model for traditional SVPWM and CBPWM to
suppress current zero-crossing distortion. However, the current
zero-crossing distortion caused by modulation should be consid-
ered in the design of the controller and the effect of controller
delay should also be calculated. Wang et al. [14] proposed
a hybrid SVM modulation for a two-channel parallel Vienna
rectifier, but its specific control methods are not described in
detail.

As the core of power electronics systems, the control strategy
is increasingly prominent in research. Several control schemes
have been presented for the Vienna rectifier with a unity power
factor. PI control [15] is a common control strategy for power
electronic switching circuits, but it is difficult to track the zero-
error of the ac side and it is slow to track the dynamic response
of the dc side. Hysteresis control [16] is easy to implement,
nevertheless, its switching frequency instability will affect the
stability of the system. Model predictive control [17], [18], [19],
[20] can combine modulation with control, but it has the problem
of control delay. Sliding mode control [21] has a fast dynamic re-
sponse and is common in solving nonlinear problems. Rajendran
et al. [2] proposed a voltage-oriented controller, the reactive and
unstable active currents are counteracted. Thus, many control


https://orcid.org/0000-0001-5075-9849
https://orcid.org/0000-0002-9026-3597
https://orcid.org/0000-0002-5409-9515
https://orcid.org/0000-0003-0131-5162
https://orcid.org/0000-0001-8626-1284
mailto:zhuwenjie@qut.edu.cn
mailto:lixuewu202112@163.com
mailto:lixuewu202112@163.com
mailto:1286696583@qq.com
mailto:cxy1712013234@163.com
mailto:keliang.zhou@whut.edu.cn
https://doi.org/10.1109/TPEL.2023.3302130

15200

D, D, D,
NN/

| <+

]

de

NN N

D, D; D,

Fig. 1. Topology of the Vienna rectifier.

strategies have been successfully applied in the control of voltage
outer loop in rectifiers. In recent years, proportional resonance
(PR) control [19], [22], [23] becomes a popular control strategy,
which can have infinite gain at the resonant frequency and
realize zero error tracking of the ac side. However, a single PR
control cannot suppress all harmonics appearing in the current,
so multiple PR controllers are connected in parallel to suppress
harmonics at specific frequencies, but the phase lag increases as
the number of PR controller increases.

In this article, an improved SVPWM was proposed to elim-
inate the grid-side current zero-crossing distortion. In order to
suppress the current harmonic distortion effectively and improve
the dynamic response speed of the system, a control strategy
combining phase compensated multiresonance (PCMPR) con-
trol and a variable index approach law sliding mode control
is developed for Vienna rectifier. In the current inner loop,
compared with the common phase compensation methods, the
PCMPR controller can compensate for the lag phase angle at
specific frequencies to better maintain the stability of the system.
And the compensation angle is derived by analyzing the math-
ematical model of Vienna rectifier. In the voltage outer loop, a
variable index approaching law sliding mode control is proposed
to improve the dynamic response speed of the system, and it
eliminates the chatter of the system near the sliding surface.
The effectiveness of the modulation and control strategies was
verified under both ideal and weak grids.

The rest of this article is organized as follows. The mathe-
matical model of the Vienna rectifier is established in Section II.
Section Il introduces the principle of zero-crossing distortion in
detail and proposes an improved SVPWM modulation strategy
to suppress current zero-crossing distortion. In Section IV, the
proposed control method with suppressing current harmonics
and improving dynamic response speed is proposed. Section V
gives the simulation and experimental verifications of the pro-
posed modulation strategy and control method. Finally, Sec-
tion VI concludes this article.

II. MATHEMATIC MODEL OF THE VIENNA RECTIFIER

The schematic of the Vienna rectifier is shown in Fig. 1. E,,
Ey, E. is the three-phase input voltage, L is the inductor on the
ac side, R is the equivalent internal resistance, i,, iy, i. are the

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 38, NO. 12, DECEMBER 2023

E L R U

0
||
11

0 RL Udc

X

~

9]
)
||
I

Fig. 2. Equivalent circuit of the Vienna rectifier.

input currents, C; and Cs are the dc capacitances, and S;—Sg are
the six power switch tubes.

During the whole operating state of the three-phase Vienna
rectifier, the dc voltage has three values of —Uq4./2, 0 and
+Uqc/2. Therefore, the switching function Sj; is supposed as

i=a,b,c

0
Sij:{l i=p,on ° ey

According to (1), the three-phase voltage loop equation can be
obtained by Kirchhoff’s Voltage Law (KVL), Uyo, Upo, Uc, are
the voltage across the switch tube, U .y is the voltage between
the midpoint of the capacitor and the grid neutral point

Eqy = L% + Riq + Uso + Un
Eb = L% + RZb + Ubo + Uon (2)
E.= L% + Ri. + Ueo + Uy

Due to three-phase voltage symmetry, I, + Ep + E. = 0,
iq +1p + i, = 0, the common-mode voltage can be obtained

1
Uon = 73 (Uao + Ubo + Uco) . (3)

According to the circuit relation, (4) can be obtained, where
Sap» Sbp» Scps Sans Sbn, Sen are the switching functions, Ucy,
Uc» are the voltage of capacitances

Uao = SapUcl - SanUc2
Ubo - prUcl - SancQ (4)
Uco = Schcl - ScnUc2~

As shown in Fig. 2, the equivalent circuit in the abc coordinate
system can be drawn.

The mathematical model of the VIENNA rectifier in the abc
coordinate system is very complex and the parameters interact
with each other, which makes the controller design difficult.
Therefore, the mathematical model in the abc coordinate system
can be converted to the o3 coordinate system by the clark matrix.
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The mathematical model in the a3 coordinate is

Lo -R 0  —Sap San i
L% 0 —R —Ss Spnl| | is
Cl Ll(]ﬁd So/p S,Bp 7%14 7%11 Udcl
Cs dl(]ﬁcz —San —Sgn —%L _%L Udeo
E.
Eps
+ . (5)
0
0

Similarly, the mathematical model in the dg coordinate system
is

L4 ~R  wL —Si San iq
L% ~wL —R =S, S iq
Cl% Sdp qu 7RLL 7RLL Udct
Cy 7(”{1‘7’5“2 —Sdn _Sqn - %L - %L Ude2
Eq
Eq
+ . 6
0 (6)
0

III. IMPROVED SVPWM MODULATION STRATEGY WITHOUT
ZERO CROSSING DISTORTION

The Vienna rectifier space vector distribution is composed of
27 switching states with different sizes and directions. Its spatial
voltage vector distribution is shown in Fig. 3. The whole voltage
vector distribution space is divided into a large sector every 60°,
and each large sector is divided into six small sectors, where the
dotted line represents the three-phase current crossing zero.

The single-phase equivalent circuit for the Vienna rectifier in
the ac side is illustrated in Fig. 4. Due to the small inductance
R, the Ey can be obtained

di,
Ey, :LE—&—U;CO%—UOH, k=a,b,c. (7
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Fig. 5. Relative position of the reference voltage and the input current vector.

The three-phase modulated wave can be equivalent to the
sum of common-mode component and sine wave, which can
be expressed in [24]

Vie =Vie+[—rVo+ (r—=1)Vo+2r—1], k=a,b,c (8)

where V. is the equivalent three-phase modulated wave, Vi is
the sinusoidal component, which amplitude is the modulation
ratio m, r is the allocation coefficient of the redundancy vector,
and the other terms are the injected common mode components.
According the mean equivalent model of state space, Uy, can
be expressed as
Udc

Uko = 7%]@7

By substituting (3), (8), and (9) into (7), the inductor voltage
can be written.

When the current is in the same sign as the modulated wave-
form

k=a,b,c. ©)

diy, Uac
L— =FE, — —
at — F 2
When the current is in different sign as the modulated wave-
form

Vi, k=a,b,c. (10)

di U (Vi 4 B
LE—Ek‘F? ?‘f‘gvcom ok =a,b,c. (11)
Since E) and Vi are small when the current crosses near zero,

the (11) can be simplified as
diy, U4
23
According to (10)—(12), the common mode component will
not affect the inductor voltage when the input current is in the
same sign as the modulated waveform, and the inductor voltage
will be influenced by the common-mode component when the
current is in the different sign as the modulated waveform.

Veom- 12)
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Fig. 6.  Synthesis of reference voltage vectors.

The reference voltage vector V..t and the input current vector
I, near the zero crossing of phase B with their relative position
are shown in Fig. 5.

Due to the inductor voltage vector, the Vienna rectifier ref-
erence voltage vector will lag behind the input current vector

Z£0° — v L0
w0 = lb o e k= ab e (13)
Z
The deviation angle 6 can be calculated as
—wl % i
9 = tan! (W> D k=abe (14
€K — R x 1K

When the modulation wave and the input current have op-
posite signs, the inductor voltage is far less than O due to the
existence of common mode component, which will cause the
synthesis errors of reference voltage vector and hinder the input
current from negative to positive crossing. The synthesis of
reference voltage vectors is shown in Fig. 6. The sign of the
modulation wave is the same as that of the input current after
crossing the zero line, and the inductor voltage is not related
to the common mode component, the input current will quickly
cross the zero line.

The common-mode component will hinder the current from
crossing zero for conventional SVPWM due to the modulated
wave sign cannot be guaranteed to be the same as the input
current sign near the zero-crossing line, so the zero-crossing
distortion will occur. The current tracking error and the rec-
tifier system stability will be affected as the cumulative error
increases. To eliminate the zero-crossing distortion of the Vienna
rectifier, the period of the zero-switching state is increased near
the zero-crossing point of current to keep the switches ON, so as
to eliminate the reverse voltage drop on the inductor. In order
to prevent the duty cycle from mutating, each switching cycle
can be gradually reduced or increased and the zero-switching
period should keep for enough time. Since the rotation angle of
the composite vector within a period is 27, the angle 6 y occupied
by each switching period can be expressed as

s)

where Tg is one switching cycle and T3, is a line-frequency cycle.
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TABLE I
COMPENSATION VOLTAGE IN HALF POWER FREQUENCY

. compensati
Range Specific on voltage
Vid T n
. . E+€+(n_1)9° N€+0+n0‘) -EVW
¢ x z
—+06+ Kgo ~— -Vbref
6 6 ’
£+9+(n—1)00 ~£+9+n6’0 -2 aref
Vd V4 2 2 K 7"
PREAEY .
—+0+KO,~— Vs
2 2
5_7r+€+(n_1)00 ~5—ﬂ+49+n -lef
5z 5z 6 6 K
?+9~? Sm Sr
= +0+KO,~— Ve
6 6

According to (15), it can be concluded that the number of
switching cycles N to be adjusted can be expressed as

—wlLxi
0 Tb o arctan (ewar»Zi}:(> Tb
o T, 2w T,

It can be seen from (16) that the number of switching cycles
is related to T and the line-frequency. The higher the switching
frequency is, the more switching cycles will be adjusted. Table I
shows the size of the compensation component within half a
power frequency cycle, where K is adjusted appropriately by
the change of N to ensure the continuous change of the duty
cycle. n is a natural number in the range of [1, K].

The conventional SVPWM and improved SVPWM are shown
inFig. 7. It can be seen that the zero-switching period is increased
and the duty cycle changes gradually near the zero crossing of
the modulated wave.

N = (16)

IV. CONTROL STRATEGY FOR VIENNA RECTIFIER

A. Design of Current Controller

It is well known that the PI controller can track the dc signals
without static error in the dg coordinate system, and the PR
controller can track the ac signals without static error in the
af coordinate system. Based on the mathematical model in
dg and o8 frame, the control parameters of axis « and axis 3
are independent, and the control strategies in 3 frame remove
complex decoupling operations.

The transfer function of PR controller can be expressed as

2K, w.s
Gls) = K. 4 2hres
() rt 82 4 2wes + wj

A7)

where wy is the resonant frequency, w, is the bandwidth, and K,
denotes the gain of resonant controller.

In practical applications, the grid is usually not ideal, espe-
cially in weak grid conditions, the harmonics in the grid cannot
be ignored. Compared with the ideal grid, the weak grid has two
main characteristics: 1) the weak grid impedance is notignorable
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Fig.7. Modulated wave under conventional SVPWM and improved SVPWM.

(a) Modulated wave in a line-frequency cycle under conventional SVPWM.
(b) Enlarged view of modulated wave near zero crossing under conventional
SVPWM. (c¢) Modulated wave in a line-frequency cycle under improved
SVPWM. (d) Enlarged view of modulated wave near zero crossing under
improved SVPWM.

and 2) the weak grid contains a large number of background har-
monics. High-order harmonics (third, fifth, seventh) are injected
in the input current of the Vienna rectifier due to the distortion
of the grid voltage [25], [26], which will damage the input
current quality. Thus, the resonance controller can be connected
in parallel to suppress the corresponding harmonics. The transfer
function of multiresonance controller can be expressed as

2K, w.s

where K, denotes the gain of multiresonance controller and the
resonant frequency wy,, = nwy.

However, due to the phase lag of the digital control delay and
the controlled object, as the increase of number of PR controllers
connected in parallel, the phase lag of closed-loop system be-
comes more and more obvious and the system becomes more and
more unstable. Therefore, itis necessary to compensate the phase
of the multiresonance controller. The phase compensator can be
divided into three types: 1) lead-lag compensator, 2) proportional
differential compensator, and 3) direct angle compensator.

The lead compensator can be expressed as

Gn(s) = K s awy

n 19
st 19)

where K, denotes the gain of lead compensator.
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The maximum lead angle ¢,, and the maximum lead angle
frequency w,, are, respectively, as shown in

(20)

(pp, = arcsin

wn = wiva.

+a
(2D

Fig. 8 shows the bode diagram of the lead compensator with
different compensation angles. It can be seen that the lead
compensator can correct the phase characteristics of the target
band without affecting the phase characteristics of the other
bands. In a system where multiple resonance controllers are
connected in parallel, it is necessary to add a lead compensator at
each resonant frequency, which makes the design of the system
parameters more complicated. As the frequency of the system
increases, the phase lag of the closed-loop system becomes
more and more obvious. Therefore, the complexity of parameter
design can be reduced by adding a lead compensator to the
highest resonant controller. However, as shown in Fig. 9, with
the increase of compensation angle, the influence of the phase
lead compensator on the amplitude of other resonant frequencies
is increasing. Moreover, the phase lead compensator needs to
be redesigned when a new resonant controller is added to the
system.

In addition to the phase lead compensator, the phase of the
system can also be compensated by adding a proportional differ-
entiation compensator. The resonant controller with the addition
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of proportional differential compensation can be expressed as

_ 2K,qwes? + 2K, 0w,s

R
(s) 52 4 2w,s + wj

(22)

where w is the resonant frequency and K;; and K, denote the
gain of resonant controller.

The phase lag of the control system is mainly caused by
the controlled object at low frequency. At high frequencies, the
phase lag of the system is jointly affected by the controlled object
and the digital control delay as the increasing influence of digital
control delay. If only considering the controlled object, formula
(22) can be simplified as

2K, w.s(Ls + R)
R(s) = 5 5
5% + 2w.s + wi

(23)

The bode diagrams of the resonant controller and the resonant
controller with the proportional differentiation are shown in
Fig. 10. It can be seen that the average phase angle of the
resonant controller with proportional differentiation is raised.
However, the phase lag caused by the digital control delay cannot
be ignored as the frequency increases. And the stability of the
system will be challenged when higher resonance controllers are
paralleled into the control system.

The PCMPR controller designed in this article can make up
for the shortcomings of the abovementioned two phase compen-
sation methods. The PCMPR can be expressed as

scosb,, —w,sinb,,
§2 4 2wes + w2

n=135...

(24)
when w = w,, the molecular term of the multiresonance con-
troller is

G(s) = Kp + Y K,

A(S)|s=juw, = wnej(%w"). (25)

The phase angle of (25) is /2 + 6,,. When w,,~ < wy,, the
denominator of the phase angle is 0, and the phase angle of
the multiresonance controller is 7/2 + 6,,. When w, ™ > w,,
the denominator of the phase angle is 7, and the phase angle
of the multiresonance controller is —n/2 + 6,,. Therefore, the
multiresonance controller has a phase angle transition of 7 at
the resonant frequency wy,, so its average phase angle can be
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expressed as
(26)

Fig. 11 shows the PCMPR bode diagram, where the w. =
10, wg = 9007, K9 = 200, and the compensation angles are,
respectively, 0°, 30°, 45°, 60°, 90°. It can be seen that the phase
compensated resonance controller can compensate the phase
angle to desired angle. And it is the same as the resonance
controller with proportional differentiation, which compensates
for the phase of the full frequency band. Therefore, the phase
angle that the system needs to compensate can be calculated by
analyzing the phase lag angle caused by controlled object and
digital control delay.

Fig. 12 shows the transfer function block diagram of the
current inner loop with PCMPR controller under weak grid.
G4(s) stands for the delay in digital control system including
computation delay and PWM delay which can be simplified
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3Ts/2 and the function is given as
1

. 27
Ts+1 @7

Ga(s) =

The controlled object can be equivalent to G.(s) in both ideal
grid and weak grid and the function is given as
B 1
 L.s+ R,

According to (27), the phase lag angle caused by digital
control delay is

Ge(s) (28)

01 = —arctan(Tw). (29)

The sum of the general PWM update delay and calculation
delay is T = 3Ts/2, T is small, and y = arctan(x) can be
approximately y = x when the value of x is small. Therefore, the

phase lag angle caused by the simplified digital control delay is
3

——Tw.
5 LsW

Similarly, the phase lag angle caused by the controlled object

05 = — arcta wa
2 = 11 R

where Lw/R is large since the inductance resistance R is very
small, and y = arctan(x) = n/2 due to the x value is large.

is

€2V
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(b) Improved SVPWM.

TABLE I
PARAMETERS OF VIENNA RECTIFIER

Parameter Value
Input Voltage/(V) 110
frequency/(HZ) 50
Inductance value/(mH) 2.5
Output voltage/(V) 360
Switching frequency/(kHZ) 10
Load/( Q) 100

Therefore, the phase lag angle caused by digital control delay
and controlled object is

T 3

According to the abovementioned analysis, considering the
calculation delay and PWM update delay, the compensation
angle 6,, can be calculated as follows:

(32)

0, = =

2

Fig. 13 shows the bode diagram of PCMPR controller with
different compensate angles. In Fig. 13, the average phase angle
of the system at the resonant frequency is marked by colored
dots, and the phase margin of the system is marked by black
dots. When the compensate angle § = 0°, the expression of
PCMPR controller and multiresonance controller is the same,
and the phase margin of the system is 15.4°; When the com-
pensate angle § = 60°, the phase margin of the system is 52.9°;
When the compensate angle § = 6, , the phase margin of the
system is 76.4°. It can be clearly seen that the average phase

+;wnTs,n:1,3,5.... (33)



15206

0.15

Fig. 17.  Output voltage Uq. of Vienna rectifier. (a) With PI control. (b) With
sliding mode control.
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Fig. 18.  Output voltage and input current under load mutation.

angle is significantly compensated with the PCMPR controller,
and the phase margin increases, so the stability of the rectifier
system is improved. Compared with the lead compensator and
proportional differential compensator, the PCMPR controller
has the following advantages.
1) No need to add additional controllers, reducing the com-
plexity of parameter design.
2) It can compensate the phase of the whole frequency band.
3) It does not affect the gain of the control system at the
resonant frequency.
4) It can compensate for the phase lag caused by the con-
trolled object and the digital control delay.

B. Design of Voltage Controller

The dynamic response of Vienna rectifier system is slow
under traditional PI control and the rectifier system is easy
to overshoot. To improve the dynamic response and suppress
voltage overshoot, the voltage controller is designed by using
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Fig. 19.  Experimental prototype of the Vienna rectifier.

sliding mode control. The output of voltage controller is the
current reference ig* on d-axis.

Uq. and iy are variables of the sliding mode control, and the
equation is established as follows:

Sh

So |

where S; and Ss are the selected sliding mode surfaces.
Assume that the Vienna rectifier system operates at a unit

power factor, Sy is equal to 0, and the derivative of U4 can be
written as

.
iy — g

34
Ui, — Use oy

S dUdc
= — . 35
2 7 (35)
Substituting (6) into (35), it can be obtained
. dU, 3 4
= ——2 = 7 (Sqiq + Sqiq) + —=iL (36)

dt —  2C 20

where Sq and S, are the switching functions in dg coordinate
system, the Sq and S, can be expressed as

2 (Edeid Fwliy—L%d )

Sd _ dt
e (37)
5 2(Eq-Rig—wLia-L%52)
qa Udc '

In order to minimize chattering near the sliding mode surface,
the sliding mode controller is designed by using index reaching
law, it can be expressed as

5= —koS —eggsgn S. (38)

However, the parameters of the conventional index approach-
ing law are constant, so the system will still chatter when
approaching the sliding surface. Therefore, the variable index



ZHU et al.: IMPROVED MODULATION STRATEGY WITHOUT CURRENT ZERO-CROSSING DISTORTION AND CONTROL METHOD 15207

- YPWM_C [10V/div]
¥ ]

¥ PWM_C[10V/div] -
sy v

v

Sl Ly PR S R S S S S S S B S ST B A B A A S A A

Fig. 20. Input current i. of Vienna rectifier and its switching waveforms. (a) With conventional SVPWM. (b) With the improved SVPWM.
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Fig. 21. Three-phase input currents of Vienna rectifier. (a) With conventional SVPWM. (b) With the improved SVPWM.
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Fig. 22.  Three-phase input currents of Vienna rectifier. (a) With the MPR parallel 3rd, 5th, 7th, 9th resonant controllers. (b) With the PCMPR parallel 3rd, Sth,
Tth, 9th,11th, 13th, 15th resonant controllers.
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Fig. 23.  Input currents of Vienna rectifier and their harmonics spectra. (a) With PI controller. (b) With PR controller. (¢) With PCMPR controller.
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6.00% e — changed. However,.smce the three-phase voltage contains a .large
5.00% number of harmonics, the voltage component on the d-axis Eq
, also has a harmonic component. In order to enhance the stability
4.00% of the system, Eq is the d-axis voltage after filtering out the
3.00% harmonics. The closed-loop control strategy proposed in this
2.00% article is shown in Fig. 14.
1.00%
I | | V. SIMULATION AND EXPERIMENTAL RESULTS
0.00% |I. B Feemient kel el e e
5 7 9 1113 1517 19 21 23 25 27 29 31 33 35 THD A. Simulation Results
Fig. 24.  Harmonic distortions spectra for input currents i, with different To verify the effectiveness of the proposed method, a simula-

control strategies.

approaching law proposed in this article is as follows:
. Pl 1
s = 7](505 — (

251 +1 2

The parameters of the variable index approaching law are
varied, when the system state is far from the sliding surface,
the parameter ko has the main effect of allowing the system to
quickly approach given value. When it reaches near the given
value, koS approaches to zero and the second term plays the
main role. Since the parameter of the second term is variable,
when the control error of the system is zero, the parameter of
the second term can also be zero. Therefore, the variable index
approaching law can prevent the system from chattering near
the sliding surface.

When the system is in steady state, the inductor voltage is
close to zero, and the current value of the g-axis is zero. There-
fore, by combining the abovementioned formulas, the given
value of d-axis current ig* can be expressed as

> €psgn S. 39)

. 2152| 1 2
ig = |:k052 + <2$2+1 — 2) €0 SgnSg + 52[,
C(Uvdc
S 4
" 3(Eq - Rig) (40)

As can be seen from the formula (40), the reference current
iq" required can be calculated by the dc reference voltage Uq.",
dc output voltage Ug., and output current i1,. It should be noted
that when the Vienna rectifier is operated under weak grid, the
expressions for the given values of d-axis currents iq* is not

tion model is built in MATLAB/Simulink.

Fig. 15 shows the steady-state input voltage E, and input
current i, of the Vienna rectifier with unit power factor. Fig. 16(a)
shows the input current with conventional SVPWM. The current
has obvious distortion, which will cause the current harmonics
to increase. As shown in Fig. 16(b), the zero-crossing distortion
of input current with the improved SVPWM is suppressed
effectively, hence, the effectiveness of the improved modulation
strategy is proved.

Fig. 17(a) shows the dynamic response of the output voltage
Uy, of voltage outer loop with PI control. It can be seen that the
output voltage has obvious overshoot and the system reaches
the given value after 0.018 s. Fig. 17(b) shows the dynamic
response of the output voltage Ug. of voltage outer loop with
sliding mode control. The system reaches stability after 0.008 s,
and the voltage U, has no obvious overshoot. It is verified that
the dynamic performance of sliding mode control is obviously
better than the dynamic performance of PI control.

Fig. 18 shows the dynamic responses of output voltage and
grid-side current under abrupt load change with sliding mode
control. When the load changes from 100 2 to 50 €2 at 0.05 s,
the VIENNA rectifier enters into a new steady state after 0.01 s.

B. Experimental Results

To evaluate the modulation and control strategy under ideal
grid and weak grid, a 1.5 KW experimental system was built
as shown in Fig. 19. By using IT7900 regenerative grid simu-
lator the ideal grid is injected with harmonics to simulate the
weak grid. The control system mainly consists of DSPF28335.
The sampling chip model is AD7656-1, the voltage sensor is
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VSMO25A, and the voltage sensor is CSMO5S0LA. And the
parameters are given in Table II.

As shown in Fig. 20(a), the switching waveforms with con-
ventional SVPWM near the current zero-crossing point is not
clamped to zero, leading to the appearance of zero-crossing
distortion. It can be seen that the switching waveforms with
the improved SVPWM near the current zero-crossing point is

15209

-
o [24.8V/div]

(b)

Input voltage Uy, and input current i, of Vienna rectifier under weak grid with different modulation strategies. (a) With conventional SVPWM. (b) With

+
Uv [24.8V/div

(©

Input voltage Uy, and input current i}, of Vienna rectifier under weak grid with different control strategies. (a) With PI controller. (b) With PR controller.

SOV

Input voltage U,,U. and input current i,,i of Vienna rectifier under unbalance weak grid with different control strategies. (a) With PI controller.

clamped to zero and zero-crossing distortion does not appear in
Fig. 20(b).

Fig. 21(a) shows the waveforms of three-phase input cur-
rents using conventional SVPWM and Fig. 21(b) shows the
waveforms of three-phase input currents using the improved
SVPWM. When using the improved SVPWM, the zero crossing
distortion is suppressed.
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(b)

Input current i,, iy, i and output voltage Uq. of Vienna rectifier at startup with different voltage controllers. (a) PI controller. (b) Sliding mode controller

with traditional approaching law. (c) Sliding mode controller with variable index approaching law.
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(C)

Input current i,, iy, i and output voltage Uq. of Vienna rectifier under the reference voltage mutation with different voltage controllers. (a) PI controller.

(b) Sliding mode controller with traditional approaching law. (c) Sliding mode controller with variable index approaching law.

Fig. 22 shows the input current of the VIENNA rectifier under
the multiresonance controller and PCMPR controller. When the
multiresonance controller parallels third, fifth, seventh, ninth
resonant controllers, the system becomes unstable because of
the phase lag. When the PCMPR controller parallels 3rd, Sth,
7th, 9th,11th, 13th, 15th resonant controllers, the system is stable
and current harmonics are suppressed.

Fig. 23(a) shows the three-phase input currents with the PI
controller, Fig. 23(b) shows the three-phase input currents with
the PR controller, Fig. 23(c) shows the three-phase input currents
with the current inner loop controlled by PCMPR parallel 3rd,
5th, 7th, 9th,11th, 13th, 15th resonant controllers, it is clear that

the THD of the input current with PCMPR is smaller than with
PIand PR controllers. As shown in Fig. 24, the odd harmonics of
input currents with PI, PR controllers have a magnitude larger
than those with PCMPR control. The THD of input currents
with PI controller is 5.258%, The THD of input currents with
PR controller is 2.806%, and the THD of input currents with
PCMPR controller is 1.722%. It proves that the steady-state
performance of the rectifier system has been improved with
PCMPR controller.

In order to verify the effectiveness of the modulation strat-
egy under weak grid, the 3rd harmonic was injected by using
IT7900 regenerative grid simulator, and its relative amplitudes
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Input current iy, ip, ic and output voltage Uq. of Vienna rectifier under weak grid with sliding mode controller based on variable index approaching law

and PCMPR controller. (a) Waveforms of startup. (b) Waveforms of reference voltage mutation. (¢) Waveforms of load mutation.

of the fundamental waveform is 24.5%. As shown in Fig. 25,
the improved SVPWM can still suppress current zero-crossing
distortion under the weak grid.

In order to verify the effectiveness of the closed-loop control
strategy under weak grid, the 3rd, 5th, 7th, 9th,11th, 13th,
15th harmonics were injected by using IT7900 regenerative
grid simulator, and their relative amplitudes of the fundamental
waveforms are 15%, 10%, 3%, 2%, 1%, 1%, 1%, respectively.
Fig. 26 shows the input voltage uy, and input current 7}, of VI-
ENNA rectifier under balanced weak grid with different control
strategies. As shown in Fig. 28(a), the THD of input current
i, under balanced weak grid with PI controller, PR controller,
and PCMPR controller are 15.695%, 13.535%, and 2.409%,
respectively.

Fig. 27 shows the input voltages u,, u. and input currents i,,
i of Vienna rectifier under unbalanced weak grid with different
control strategies. The rms value of input voltage u, u; are
75V, and the rms value of u. is 95 V. Fig. 28(b) shows the
harmonic distortions spectra for input current i., the THD of
input current i under unbalanced weak grid with PI controller,
PR controller, and PCMPR controller are 7.471%, 6.620%, and
1.988%, respectively. The experimental results in Figs. 26-28
verify that PCMPR controller can effectively suppress input
current harmonics under weak grid.

Fig. 29 shows the output voltage Uy, and the three-phase input
currents i,, iy, i at startup with different voltage loop controllers.

As shown in Fig. 29(a), the output voltage Uy, of the system with
PI controller has a significant overshoot. Fig. 29(b) shows that
the output voltage Uy, oscillates significantly with the control
effect of sliding mode control based on traditional approaching
law. Fig. 29(c) shows the experimental waveforms with sliding
mode control based on variable index approaching law, the
output voltage Ug. has no oscillation and the system enters a
new steady state after 25 ms. Fig. 30 shows the output voltage
Uq. and the three-phase input currents i,, iy, i under reference
voltage mutation under different voltage loop controllers. As
shown in Fig. 30(a) and (b), the system takes a long time to
enter a new steady state with the PI controller and sliding mode
controller based on traditional approaching law.

As shown in Fig. 30(c), the system enters a new steady state
about 20 ms with the sliding mode control based on variable
index approaching law. Fig. 31 shows the output voltage Ug.
and the three-phase input currents i,, i, i under load muta-
tion with different voltage loop controllers. Similar to Figs. 29
and 30, the output voltage U,y has obvious oscillation under
PI controller and sliding mode controller based on traditional
approaching law, and the system enters the stable state after
100 ms and 90 ms, respectively. When the voltage loop is the
sliding mode controller based on variable index approaching law,
the system only needs about 20 ms to enter the stable state, and
the oscillation does not occur. Fig. 32 shows the output voltage
Ug. and the three-phase input currents i,, i, i under weak grid
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with the closed-loop control strategy designed in this article.
It can be seen in Fig. 32 that in the case of weak grid, there
is no overvoltage and oscillation phenomenon with the control
strategy proposed in this article.

VI. CONCLUSION

In this article, an improved SVPWM modulation for Vienna
rectifier has been proposed. In the proposed design, the modu-
lation waveforms of Vienna rectifier near current zero-crossing
point is clamped to zero to eliminate zero-crossing distortion.
Moreover, the sliding mode controller based on variable index
approaching law is proposed in the outer voltage loop to improve
the dynamic response performance and reduce the chatter of the
output voltage near the sliding surface. In the current inner loop,
by comparing other phase compensation methods, the PCMPR
controller is adopted to reduce the THD of the input current and
improve the phase margin. And by analyzing the closed-loop
system control block diagram of the Vienna rectifier, the com-
pensation phase angle of each resonant controller is calculated.
Finally, the correctness and effectiveness of the proposed control
scheme are verified by simulation and experiment results under
both ideal and weak grids.
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