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ABSTRACT: Subjected to external interference, the input current of a voltage source pulse width modulation (PWM) rectifier distorts,
leading to fluctuation in the dc bus voltage. In order to suppress current distortion and DC voltage fluctuation caused by disturbance, a
disturbance-resistant control strategy for the PWM rectifiers is proposed. The mathematical model of the conventional double closed-
loop control system is built, and the disturbance compensation mechanism is investigated. In addition, the design procedure of the
proportional-integral compensator (PIC) is provided. To validate the proposed method, simulation and experiment are considered. The
results show that low input current distortion and high bus voltage stability can be realized using the proposed method under the condition
of disturbance. The control method is simple and easy to implement in the practical application.

1. INTRODUCTION

ue to controllable bus voltage, high power factor, and re-
Dversible energy flow [1-3], voltage source pulse width
modulation (PWM) rectifiers have been widely used in the
modern smart grid construction such as new energy generation,
active power filtering, and energy storage systems [4—7].
Generally, double closed-loop vector control is used as the
conventional method of controlling a PWM rectifier [8—10].
However, the influence of the external interference cannot be
effectively suppressed with this method, which leads to input
current distortion and dc bus voltage fluctuation. The perfor-
mance of the PWM rectifier is severely affected [11-14]. Con-
sequently, the conventional method is not suitable for the mod-
ern smart grid construction [15-17]. Many studies have been
conducted on the anti-disturbance control of double closed-loop
PWM converter. In [18], based on an extended state observer,
a nonsingular terminal sliding mode control method for PWM
rectifier is proposed. By designing the observer, the impacts of
nonlinear loads, external interference, and parameter perturba-
tions are suppressed in real time. The stability of the system to
disturbance will be enhanced. Based on a quasi-resonant ex-
tended state observer, a predictive current control strategy is
presented in [19]. The system disturbance and grid current on
the two-phase stationary coordinate are estimated by the ob-
server. Then, on the basis of deadbeat predictive control prin-
ciple, the required control output at next moment is calculated.
With this approach, the robust control of electrical parameter
variations can be achieved, and the effect of measured noise
is suppressed. In [20], based on a fractional-order linear ex-
tended state observer, an active disturbance suppression control
method for a PWM grid-connected rectifier is proposed. The
fractional-order linearly expanding state observer is used to es-
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timate the system disturbance. Combining it with linear active
disturbance suppression control, the compensation of the exter-
nal interference is enabled. Based on an extended Kalman filter,
a disturbance observer is proposed to accurately observe and es-
timate the grid voltage in [21]. With this method, fast current
control can be achieved under the severe grid voltage distortion.
In [22], to control the AC/DC matrix converter in the presence
unbalanced grid voltage, a simplified model predictive control
(S-MPC) method is presented. By simplifying the prediction
process, the computational burden of conventional model pre-
dictive control (C-MPC) can be significantly reduced. Though
anti-interference performance can be realized with the above
methods, the parameters are numerous, and the control algo-
rithms are complex.

This study aims to enhance the anti-interference capability of
PWM rectifiers while reducing the implementation difficulty of
the method. Hence, we fully utilize the advantages of the sim-
ple principle and strong adaptability of the proportional integral
controller and propose a proportional integral disturbance com-
pensation control method for PWM rectifiers. The main work
and contributions of this study can be summarized as follows:

(1) A mathematical model of PWM rectifier was constructed,
and the dual closed-loop control process was clarified, lay-
ing a solid foundation for further clarifying the working
mechanism of the system.

The interference compensation mechanism of the
proportional-integral compensator (PIC) was analyzed,
and based on the capture and characterization of in-
terference signals, a PIC was designed to suppress
interference signals, effectively improving the system’s
anti-interference ability.

2

(3) A PIC based control system was established, and the ef-

fectiveness and superiority of the proposed method in in-
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terference suppression were demonstrated through simu-
lation and physical platforms.

(4) This study improves the operational quality of PWM con-
verters, enhances their robustness, and contributes to im-
proving power quality.

2. MATHEMATICAL MODELING OF PWM RECTIFIER

The PWM rectifier is shown in Fig. 1. E,,, Egp,, and Ey are

the grid voltages; i,, iy, and i, are the grid currents; v,, vy, and
v, are the input voltages; R and L are the equivalent resistance
and filter inductance, respectively; C' is the dc-side capacitor;
and Ry is the load.
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FIGURE 1. Main circuit topology of voltage source PWM rectifier.

The mathematical model of three-phase voltage type PWM
converter based on an abc coordinate system contains time-
varying parameters, which increase the difficulty of analyzing
its control strategy. In the mathematical model based on the dg
coordinate system, the AC time-varying parameters are trans-
formed into constant terms that rotate synchronously with the
fundamental frequency of the power grid, simplifying the de-
sign and analysis of the control method. Below is a detailed
analysis of the process of transforming the mathematical model
of a three-phase voltage type PWM converter from the abc co-
ordinate system to the dq coordinate system.

In the abc coordinate system, N is the center point. The equa-
tion of the a-phase circuit can be expressed as

L% + Riy = Egy —

m M

(van + VNo)
When s, = 1, there is v,y = Uge; when s, = 0, there is
van = 0. Therefore, we have v,y = s, X Uge. Thus, Eq. (1) can
be rewritten as
di, .
LE + Riy = Ega — (5aUgc + vno) (2)
Similarly, the equations for the b-phase and c-phase circuits
can be obtained as
L% + Riy, = Egb — (SbUdc =+ UNO) (3)
L% + Ri. = Egc - (ScUdc + UNO)

Considering the three-phase symmetry problem, there exists

{Ega+Egb+EgC0 @)

ta+ 1 +i.=0
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By combining Egs. (2), (3), and (4), the following equation
can be obtained.

_ Uge
UNO = ——— Sj

)

J=ab,.c

At the same time, the DC side current 74, can be expressed
as
ide = 1aSaSh5e + ibShSHS, + icShShSe + (ia + ib) SaSbSh
+ (2 + ic) SaspSc + (@b + ic) SuSpSc
+ (ia + iy + ic) SaSbSctaSa + 1hSp + LeSc

(6)

At this point, there are the following relationships on the DC
side.

dUdC . . . Udc
= 128a + WSb + LcSc —

¢ dt Ry,

(7

When transitioning from an abc coordinate system to a two-
phase stationary coordinate system, the transformation matrix
is as follows:

] ®)

By the above coordinate transformation, the mathematical
model of the two-phase stationary coordination system can be
obtained as follows:

-
0 -4

oo
wl o=

dig _ .
{ L = —Rig + Uq — Uca ©)

di .
L% = —Rig+ug — uc

where uq, Ucq, and i, are the grid voltage, input voltage, and
input current of the rectifier in the a-axis, respectively. ug, ucg,
and ig are the grid voltage, input voltage, and input current of
the rectifier in the 3-axis, respectively.

The PARK transform facilitates the conversion of mathemat-
ical models from a two-phase stationary coordinate system to a
synchronously rotating dq coordinate system. Consequently,
the model of the rectifier within this synchronously rotating
framework can be articulated as

L% = wliqg —vg — Rig + eq (10)
% — —wLig —vg — Rig + eq

dt

where eq4, v4, and i4 are the grid voltage, input voltage, and grid
current in the d-axis, respectively. eq, vq, and iq are the grid
voltage, input voltage, and grid current in the g-axis, respec-
tively.

Following the implementation of feedforward decoupling
control, the voltages along the dq axis on the AC side can be
expressed as

va = — (kip + ) (i — iq) + wliq + €eq
Kij * (1
Vg = — ) (i

— iq) —wliq + eq
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where kip and k;; are the current control ratio and integral co-
efficient, respectively; ¢} and i; are command currents in the
d-axis and g-axis which can be expressed as

>k
3k
Iq

where ky, and k,; represent the voltage control ratio and integra-
tion coefficient, respectively; Ug. and Uy, are the actual value
and reference value of the bus voltage, respectively.

= (()kup + %) (Uékc — UdC) (12)

3. MECHANISM OF DISTURBANCE COMPENSATION
AND DESIGN OF PIC

3.1. Analysis of Disturbance Compensation Mechanism

Figures 2(a) and (b) show the ideal linear system and the linear
system with disturbance compensation, respectively.

( ) (b) ................................................. .
a : :
- u ‘u
U; n, Uy ul: ) n, 0
—» —» i+ A Tt s+m :
s+ m, S T .
e Jo...l. S

FIGURE 2. First order linear system. (a) Ideal system. (b) fo compen-
sation linear system under disturbance condition.

From the relationship between the variables in Figs. 2(a) and
(b), the first-order differential form of the output in the system
can be written as follows

(13)
(14)
where u; is the actual input; w is the equivalent input; 4, is the
first derivative of the output u; f is the external interference;
my and n; are the nominal parameters (1my > 0, n; > 0); mo
and ny are the actual parameters (o > 0, ny > 0).
Considering the impact of external interference and parame-
ter uncertainty on the system, the external interference and pa-
rameter uncertainty are uniformly represented as the aggregate
disturbance f,, and its formula can be represented as

Uy = —MU + N1U;

Uy = —Maouy + no (u — f)

(m1 — ma)u, — (N1 — n2)u+naf
ny

fo:

(15)

According to Fig. 2(b), the following relationship can be ob-

served.
U= ]E o+ U

where fo is the compensation term.

The design purpose of PIC is to make the final output of the
system after it is affected by PIC consistent with the output of
the system without interference, that is, to make Eq. (13) and
Eq. (14) equivalent.

(16)

—M1U, + N1YU;

an

Convert the parameters in Eq. (14) to nominal parameters,
which can be expressed

—Matly +no(u — f) =

(18)

uo = —MmiU, + M (’U, - fo)
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Substituting (16) into (17), it can be obtained that

—Malo + no (Uz + fo— f) = —miu, +niu;  (19)
In the case of slow variations of the lumped disturbance, the
differential term of the compensation term when the system is

fully compensated is f, ~ 0. From Eq. (19), it can be deduced
that

kfo = mau, —na (Ui + fo— f) — Myt +n1u;  (20)

where £ is a variable and tends towards infinity.
By combining Egs. (14), (16), and (20), it can be obtained
that

—Ty — M1ty +niu — naf fo

= (21)
ny nq
Combining Egs. (18) and (21), it can be obtained that
k = o
7fo:fo_fo (22)
n

Equation (22) shows the relationship between the lumped
disturbance and the compensation term when the disturbance
compensation is achieved. Therefore, the compensator is de-
signed as follows

fo:g<foffo) (23)
where g is the gain of the compensator.

After compensation, the system output when being affected

by external interference is equal to the result of the system in
the normal operation. Thus, the disturbance can be inhibited.

3.2. Design of PIC

To design the PIC, Eq. (18) and Eq. (23) are combined, and it
can be obtained that
fo=g (—ﬂo — MU, +niu — mfo) /n2 (24)

To further simplify the formula, define the variable A as

A= guo/mi + fo (25)
Hence, it can be obtained that
. 1
/\=9[u—>\+n(—m1+g)uo} (26)
1

In the conventional control, the output voltage is regulated
by the PI controller, which enables the control of the d-g axis
current. The inputs of the system are the outputs of the PI con-
troller vqp; and vgp, and the outputs of the system are 74 and
iq. Taking the d-axis as an example, combining Eq. (25) and
Eq. (26), the compensator can be further derived as follows

{ /\A: 7k1i(% + koug @7)
f o = —k3ig + A
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FIGURE 3. Control block diagram of d-axis in current inner loop.

where fo represents the voltage compensation; k1, ks, and ks
are constant coefficients; uq is the output voltage of the PI con-
troller in the d-axis of the current inner loop.

Figure 3 is the current inner loop d-axis control block dia-
gram. T represents the sampling time, and kpwy is the equiv-
alent gain of the three-phase voltage type PWM converter.

The open-loop transfer function of the current inner loop can
be obtained from Fig. 3 as follows

ki k
(r) ()
S S

1
X
(0.5T4s + 1) x (Ls + R) — ko x (ks + %)

(28)
By substituting k;; = k;p, /7; into Eq. (28), it can be obtained

that
1 1
14 —
Tis+1 % ( +Ti8>

y kip(S + k‘g)
$(0.5Tss + 1)(Ls + R) — ka(sks + k1)

29)

Generally, to reduce the order in the dual closed-loop control
system, 7; is usually defined as

7i=L/R (30)
By substituting Eq. (30) into Eq. (29), it can be obtained that

1 1
G(S)_Tss—i—l x Ls
k‘ip(LS + R)(S + kz)

31
(0575 + 1)(Ls + R) — (ks - or) O
In order to further reduce the order and form negative feed-
back in the latter half, the following parameter values are given
as

kl = —gR
ko =g (32)
k‘3 = —gL

At this point, the stable controller parameters are transformed
into the following equation.

A= gRiq+ gug
\ 33
{ fo = A+ Lgia 33)
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Therefore, the compensation term provided by PIC in the
system can be represented as

t
J, = —gLig + / (—gRig+gudr  (34)
0

4. CONSTRUCTION OF THE CONTROL SYSTEM

Figure 4 illustrates the structure of the proposed controller.
Based on the conventional control of the PWM rectifier, the
actual values of current and the outputs of the PI controllers in
the d-q axis are used as the inputs for two PIC controllers. The
outputs of two PIC controllers are added to the corresponding
outputs of PI controller in the d-q axis. Considering the feed-
forward compensation and coupling components, the final out-
put voltage is obtained. The switching signal for the power con-
trol devices is acquired by space vector pulse width modulation.

OLAbc D °

A
—

FIGURE 4. Structure block diagram of the proposed method.

5. SIMULATION AND ANALYSIS

To validate the feasibility of the proposed approach, simulation
analysis is conducted. The parameters are shown in Table 1.

In the conventional control of the PWM rectifier, d-axis is
generally used to control the active power and bus voltage.
Consequently, to validate the performance, the sinusoidal in-
terference signal with the frequency of 50 rad/s is added to the
d-axis.
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FIGURE 5. d-axis current and dc bus voltage in the presence of interference.
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FIGURE 6. Spectrum of a-phase current under different strategies under interference conditions. (a) Conventional method. (b) Proposed method.

TABLE 1. Main parameters of PWM rectifier.

Parameters Values Parameters Values
Rated power 1 kW Bus voltage 20V
Grid frequency 50Hz  Input inductance 8§mH

Input voltage 12V Bus capacitor 2350 puF

Figure 5 shows the d-axis current and dc bus voltage of the
PWM rectifier using the conventional control and proposed
control method. During the operation, the interference signal
is added to the d-axis at ¢ = 1s. Figs. 5 (a) and (c) show the
current and voltage controlled by the conventional method, re-
spectively. Figs. 5(b) and (d) illustrate the current and voltage
controlled by the proposed method, respectively.

Figure 5(a) provides the waveform of d-axis current using
the conventional method in the presence of interference. As can
be seen, current fluctuation of the PWM rectifier is about 3 A.
Meanwhile, since the current fluctuation causes the fluctuation
of the bus voltage, the reference value of the d-axis current ¢}
also exhibits a large fluctuation. As a result, fluctuation is ob-
served in the calculated reference value. In contrast, it is seen
from Fig. 5(b) that the disturbance can be compensated by the
compensator in the presence of interference when the proposed
method is used. Thus, more stable d-axis current is obtained,

185

and there is no obvious fluctuation in the reference value. As
shown in Fig. 5(c), in the presence of sinusoidal disturbance, the
dc bus voltage Uy, of the PWM rectifier exhibits a fluctuation
about 6 V when the conventional method is used. By compar-
ison, the stability of the bus voltage is significantly enhanced
with the proposed method, as illustrated in Fig. 5(d).

Figure 6 illustrates the a-phase current spectrum of a three-
phase voltage type PWM converter under interference condi-
tions. This figure compares the performance of the conven-
tional method with that of the proposed method, providing in-
sights into their respective effectiveness in mitigating interfer-
ence effects.

Upon examination of Fig. 6(a) and Fig. 6(b), a striking
contrast is evident in the harmonic performance of the three-
phase voltage type PWM converter under two distinct control
methodologies. Specifically, when the conventional method is
employed, the a-phase current exhibits a total harmonic distor-
tion (THD) of 34.41%. In stark contrast, the implementation of
the proposed method significantly reduces this figure to a mere
1.70% for the same a-phase current. This dramatic reduction
not only underscores the superior anti-interference capabilities
of the proposed approach but also unequivocally highlights its
efficacy in enhancing power quality, thereby affirming its po-
tential as a preferable solution for mitigating harmonic distor-
tions in such systems.
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FIGURE 8. Experimental waveforms under interference conditions when using the conventional control method. (a) DC bus voltage. (b) Grid current.

(c) d-axis current.
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FIGURE 9. Experimental waveforms under interference conditions when using the proposed control method. (a) DC bus voltage. (b) Grid current.

(c) d-axis current.

6. EXPERIMENTAL VERIFICATION

Figure 7 shows the experimental prototype of the PWM rec-
The experimental parameters are consistent with the

tifier.

form’s circuit are detailed in Table 2. The main circuit features
the FGL40N120AND as its fully controlled IGBT switching
device, while the driving circuit incorporates the M57962AL
driving module. Control of the system is facilitated by the

simulation. The devices employed in the experimental plat-
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TABLE 2. Device used in circuit of experimental platform.

Circuit Device type Circuit Device type
Main circuit FGL40N120AND  Current detection circuit LAS0P
Drive circuit M57962AL Voltage detection circuit ~ VSMO025A
Control circuit ~ TMS320F28335 Butterworth circuit MAX274
TMS320F28335 DSP. For current detection, an LASOP current ACKNOWLEDGEMENT

sensor is utilized, and voltage detection employs a VSM025A
voltage sensor. Additionally, a Butterworth filter circuit is cen-
tered around the MAX274 chip as its primary component.

Figures 8 and 9 show the dc bus voltage, grid side current,
and d-axis current of the PWM rectifier under the disturbance
g the PI conventional control and the proposed control method
are used, respectively. Fig. 8 illustrates that the bus voltage
fluctuates significantly in the presence of interference, and the
fluctuation of the amplitude is 7.8 V. Besides, the grid input cur-
rent is highly distorted, and the performance of system is obvi-
ously affected. Comparatively, Fig. 9 shows that the bus volt-
age fluctuation can be highly reduced and that the steady-state
fluctuation amplitude is 0.65 V when the proposed method is
used. From the above comparison, the proposed method has an
excellent anti-disturbance performance.

7. CONCLUSION

Modern smart distribution network construction requires a high
level of robustness in the performance of PWM rectifiers.
The existing anti-disturbance control algorithms for the PWM
rectifiers are very complex. To solve the problem, a novel
proportional-integral method with simple structure is proposed
for disturbance compensation. By introducing a proportional-
integral compensator into a conventional double closed-loop
control structure, the real-time compensation of external in-
terference is realized, and the influence of disturbance is re-
duced with this method. The results show that dc bus volt-
age fluctuation and grid input current distortion can be effec-
tively suppressed with the proposed method in the case of ex-
ternal interference, significantly improving the quality of the
grid current and the stability of bus voltage. Superior anti-
interference performance has been realized. Although the anti-
interference method based on a proportional integral compen-
sator proposed in this paper has shown significant superiority
under grid balance conditions, it should be pointed out that this
method mainly targets the external interference problem un-
der grid balance state. In practical applications, the grid may
encounter unbalanced situations, such as single-phase ground-
ing faults and asymmetric loads, which will have different ef-
fects on the performance of PWM rectifiers. Therefore, future
research can further explore how to effectively expand or im-
prove existing methods under grid imbalance conditions to en-
hance their robustness and adaptability under different grid con-
ditions.
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