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Grid-Voltage Sensorless Predictive Current Control
of Three-Phase PWM Rectifier With Fast Dynamic
Response and High Accuracy

Chunjie LI, Jianing HU, and Mingwei ZHAO

Abstract—To improve pure integral calculations with integral
drift and dc bias, and poor dynamic response under conventional
direct power control, a grid-voltage sensorless predictive current
control strategy of three-phase PWM rectifier is proposed. In the
voltage sensorless control algorithm, an improved virtual flux
observer is constructed by introducing bandstop filter feedback to
solve the dc bias. Moreover, to address the inaccurate voltage-vec-
tor selection algorithm in the two-step prediction, Lagrange
interpolation is introduced to make the predictive current more
accurate. Experimental results verify that the three-phase PWM
rectifier with the proposed strategy can achieve high power factor,
high prediction accuracy and improve dynamic performance of
the system.

Index Terms—Lagrange interpolation, predictive current control,
three phase PWM rectifier, virtual flux observer, voltage sensorless.

I. INTRODUCTION

OR specific applications, such as electric vehicles and

aerospace industries, power electronic converters with safety,
reliability and high power density have been attracting more
and more attention. A three-phase PWM rectifier can be a good
choice for power electronic equipments with medium and high
power levels [1]. When power electronic conversion systems are
operated in complex working condition and harsh environment,
sensor failures can occur, leading to degradation of the system
performance or even a system breakdown [2]. In order to improve
the safety and reliability, a three-phase PWM rectifier without
grid voltage sensors is presented. In addition, the PWM rectifier
has high power factor [3], [4]. In the specific applications, the
control performance needs further improvement.
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To address the problems of weak dynamic response and
wide power ripples in the traditional vector control of the three-
phase rectifier [5], [6], model predictive control (MPC) is
first presented and applied to the rectifier [7], which is used to
suppress power ripples. However, the power prediction precision
requires improvement. Generally, direct power control is often
combined with predictive control to achieve better power
control. A model predictive direct power control (MPDPC) with
duty cycle control [8], [9] is presented to reduce the average
switching frequency and the instantaneous power pulsation. In
[10], the method that forcing the two non-zero voltage vectors to
alternate is used to improve the power tracking accuracy, but the
power is still subject to large perturbation.

In order to achieve lightweight and miniaturization of power
electronics [11], a grid-side voltage sensorless is used, however,
the MPDPC is dependent on the grid’s voltage and current
parameters [12], [13]. Then, a voltage observer is introduced
and used instead of the sensor hardware.

Most voltage observers adopt virtual flux-oriented control [14],
in which, the traditional virtual flux is found by performing a
pure integration calculation directly on the voltage vector, but
this leads to integration drift and dc bias. A first-order low-
pass (FOLP) filter [15] is used instead of pure integration
calculation, which can not choose the initial value of the
integral. However, it exists amplitude error and phase error
[16]. To reduce the errors, the compensation gain is added
in the FOLP filter is presented in [17], [18], and the cross-
compensation is proposed in [19]-[21], meanwhile, both of
them can eliminate the dc bias problem. To solve the defects
of traditional virtual flux, the virtual flux observer using a
second-order generalized integrator is proposed in [22]-
[25], which presents satisfactory control under balanced and
unbalanced grid-voltage, but exits static error while tracking
the AC signal. To improve observation precision, the virtual
flux observer using a second-order low-pass (SOLP) filter
is presented in [26]-[28], which can effectively solve the
integration offset. However, the SOLP filter can not eliminate
dc component in the flux observer. A second-order bandpass
filter added in the SOLP filter [29] is presented, which can
extract the fundamental signal from the virtual flux to improve
the accuracy of prediction. Therefore, there is room for
improvement in the performance of the voltage-flux observer.

On the basis of the above analysis, this paper proposes an
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Fig. 1. Main circuit of PWM rectifier.

improved virtual-flux model predictive current control (VF-
MPCC) strategy. The strategy introduces a bandstop filter
feedback to the SOLP filter-based virtual flux observer. By
suppressing the dc component of the reconstructed voltage
vector, the voltage estimation accuracy can be improved
substantially. Then, with the instantaneous power theory, an
objective cost function is established to minimize the power
error, and the target prediction current is then derived. To
address the problem of signal lag, a two-step predictive current
method is used to compensate, while Lagrange interpolation is
introduced to correct the predicted voltage values and improve
the prediction accuracy. Finally, the improved VF-MPCC is
experimentally validated against virtual flux-based direct power
control (VF-DPC). The experimental results are verified that the
control performance with the improved VF-MPCC is improved
from power ripple, dynamic response and prediction accuracy.
The paper structure is presented. Section II depicts the
PWM rectifier’s mathematical model, the grid voltage estima-
tion, and the modeling of an improved virtual flux observer.
Section III analyzes predictive control strategy for PWM rectifier,
including the model predictive current control strategy and new
voltage vector prediction. Section IV presents and analyzes all
experimental results. Finally, Section V draws conclusions.

II. SYSTEM MODELLING WITH GRID VOLTAGE SENSOR

A. Model of PWM Rectifier

A three-phase PWM rectifier circuit is shown in Fig. 1. E,,
E,, and E_ are the ideal grid voltages; R and L are the grid-side
equivalent resistance and filter inductance; i, i, and i, are the
grid-side phase currents; u,, u,, and u_are the AC-side voltages;
C is the DC-side capacitor; j; is the DC-side load current; R, is
the DC-side load resistance; and u,, is the DC-side bus voltage.

Based on the transformation principle of the two-phase fixed
coordinate system, the mathematical model of the three-phase
PWM rectifier on the a-f axis is obtained as [19]:
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Fig. 2. Structure of the improved virtual flux observer.

where E,, E, i,, and i, are the components of the network-side
voltage and current in the a and /3 axes, respectively; V, and V
are the components of the AC-side voltage in the o and f axes,
respectively; S, and S, are the values of the switching function
in the two-phase fixed coordinate system, respectively.

To eliminate the net-side three-phase voltage sensor, the
virtual flux concept was presented in [30]. Since the virtual
flux vector y lags the grid-side voltage vector by 90°, it can get
the virtual flux expression by integrating the grid-side voltage
vector, neglecting the internal resistance R, as follows:

w,=[E,dt=Li, + [V, dt
] I o

vy=[ Eydt = Liy + [V,dt
B. Grid Voltage Estimation

According to (2) and the relation between the flux vectors v,
and v, it can be obtained as:

sin @ 2%
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From (3) and (4), it can be obtained the angle and amplitude
of the grid voltage, which are related to magnetic flux y.

Therefore, the accuracy of the voltage vector estimation
depends on the virtual flux.

C. Virtual Flux Observer Model With Bandstop Filter Feedback

Traditional virtual flux observers do a straightforward
calculation of the AC side voltage components’ pure integration
in the a-f coordinate system. However, the calculation’s results
are significantly impacted by the selection of the integration’s
beginning value. It is likely to cause integration drift, output
saturation and to introduce dc components causing dc bias. To
reduce the effect of the above-mentioned problems, this paper
proposes a virtual flux observer with the introduction of a
feedback link of a bandstop filter to achieve a pure integration
effect and to enable the suppression of the dc component in the
reconstructed voltage. Its structure diagram is shown in Fig, 2.

The transfer function G(s) of the SOLP filter and the transfer
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function of the bandstop filter H,q(s) in Fig. 2, are specified as
follows:

ke
G(s)=—— 2
( ) S2 +ka)cs+0)02 5
S2 +60c2 ( )
Hpgp (s) =

§* 4+ 28wcs + o

where k is the gain of the SOLP filter, here taken as 2, w, is
equal to the fundamental angular frequency w [27], and £ is
the damping factor. A is taken as the reciprocal of the output
amplitude for the transfer function G(s).

1
@] ©

From Fig. 2, it can be deduced as follows:
Ve () = [Vo () G(s) + Hase(s5)y,,, (5)]4 )

Substituting the transfer function G(s) and Hyge(s) to (7), it
can be written as:

2 A(S2 +2§CUCS + COCZ)
S2 + 2wes + CUC2 (1 —A)S2 +2 cfa)cs +(1 —A) 6002

Ve () = Ve (s)
®)

When ¢ is equal to one, the transfer function of the virtual
flux observer from (8) can be written as:

S)=
Vi (5) (1-A)s* +2ws +(1 —-A) o* “

Then from (9), the improved transfer function of SOLP filter
can be expressed as:

2A e
(1-A4)s* +2wes +(1 —4) o’

Gi(s) = (10)

And a frequency characteristic analysis of (10), substituting
s =jw into (9), is shown as follows:

24w
(1-A)jw)’ +2ojo+(1-4)v*

. 1
Gi(jo) = _Aj_a) (11)

From (11), the improved virtual flux can achieve the effect
of pure integration, and solve the problem of integration
offset caused by improperly chosen initial integration value. A
comparison between the improved virtual flux and the output
flux calculated by pure integration is shown in Fig. 3. From
Fig. 3, it can be found that, the virtual flux calculated by the
improved virtual flux algorithm fluctuates along the zero axis
and its average value over a period is approximately 0.

Fig. 4 shows the Bode diagram and virtual flux circle ob-
tained by the FOLP filter, the SOLP filter and the proposed
method respectively. From Fig. 4(a) and (b), at the fundam-
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Fig. 3. Comparison between pure integration virtual flux and improved virtual flux.
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Fig. 4. The Bode diagram and virtual flux circle. (a) Magnitude characteristic. (b)
Phase characteristic. (¢) Virtual flux trajectory diagram for the three methods.

ental frequency of 314 rad/s, the phase characteristics of
the improved VF and the normal SOLP are same, and the
amplitude characteristic curve of the improved VF is shifted
downwards. From Fig. 4(c), it can be seen that the flux circle
starts at the centre of the flux circle, but with the FOLP filter
control, the flux circle obtained is not stable and the startup
overshoot is extremely large. Compared with the SOLP filter
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control, the initial DC component is smaller with the proposed
method.

II1. PreDICTIVE CONTROL STRATEGY

A. Predictive Current Control Strategy

Following the instantaneous power theory [25], the instan-
taneous power calculation expression can be obtained as:

{P =W ip — ¥4l )0 (12)

0=, i, +¥siz)0

Substituting (4) into (12) can be gotten:

P E, E;|i,
0| |E, -E,| i, (13)
Since the sample period is substantially shorter than the
power grid’s fundamental wave period, the internal resistance

R can be neglected, the current discretization from (1) at the
moment (k + 1) can be obtained as:

i+ )=, (07, (0] +i, ()

T (14)
ip(k+1)= f [E;(k) =V (k)] +iy(k)

Taking the derivative of (13), after its discretization, the
predicted value of the instantaneous power at (k + 1)th instant
is obtained as [28]:

Plk +1)=~0T,0+ E,i, (k + 1)+ E,iy (k +1)
Ok +1) = @T,P+Eji, (k + 1)~ E,iy(k+1) 1)

To achieve the minimum instantaneous power error, the
objective cost function is defined as:

=[Py — Pk +DF +[(Qr— Ok + DT (16)
When 0g/0i,(k+1)=0and 0g/0ig(k+1)=0 it can

realize the minimality of the instantaneous power error. Then,
the current prediction at (k + 1)th instant can be obtained as:

L e+)] [E,() By [Py+ol,0
e+ |~ ) E,(0) || 0y-orp| 17
Where

1

T s

Substituting (17) into (14) yields:

Vo (k)= —%[l}z (k+1D) =i, ()] + E, (k)

I (19)
V) == [iy(k+1) =iy (k)] + E, (k)

However, in actual systems, the signal processing cannot be
finished instantly and may cause a signal lag of one switching
cycle. For compensation of this signal lag, a two-step predic-
tion method is used, predicting one more beat backward to the
(k + 2) moment to achieve compensation. A second derivative
and discretization of (13) can be written as:

Pk+2)=-0T,O(k+1)+E, (k+1)i,(k+2)+
Ey(k+1Dig(k+2)

Ok +2)= @l P(k +1) + E,(k +1)i, (k+2) -
E, (k+1)ig(k+2)

(20)

At this point, the objective cost function can be redefined as:
g=[(By =~ Pk +2)F +[(Qnr — Ok +2)F (21)

Making 0g/0i, (k+2)=0and 0g/dig(k+2)=0, the
instantaneous power error can be minimized. Then, the current
prediction at (k + 2)th instant can be found, as follows:

i,(k+2) _3 E, (k+1) Eﬂ(k+1) P, +oT,O(k+1)
ip(k+2)| | Ey(k+1) ~E,(k+1)|| Oy — oT,P(k+1)
(22)
Where
1
B, = (23)

[y, (k+1)* +y 5 (k+1)*]
At (k+ 1)th instant, the new voltage vector value is obtained as:

Vo)==

S

[i,(k+2) =i, (k+ D]+ E,(k+1)

I (24
Vy(k+1)= 7 [ig(k+2)=ig(k+1)] +E (k+1)

S

B. New Voltage Vector Prediction

Since the grid voltage vector values at the moment (k + 1) are
not directly available, and in conventional predictive control,
it is usually considered that E(k + 1) = E(k). However, when
the grid-side voltage period differs from the sampling period
by a small amount, this can introduce large errors. The paper
proposes using Lagrange interpolation in rectifiers to predict
the grid voltage vector E, such that E(k + 1/2) =~ E(k + 1), to
improve the accuracy of the voltage vector. The mathematical
formula of Lagrange interpolation is:

_ (xmx)(x-x3) (x—x)(x—x;)
7= (x5 =2x,))(x, = x3) Sl (= x)(x; = x3) el
(x—x)(x-x,)

(3= x)(x; - x,)

S (x3) (25)
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Fig. 5. Control diagram of the improved VF-MPCC.

Wherex,=k-2, x,=k-1,x,=k
Making x = k + 1/2, the function at (k + 1/2)th instant can be
described as:

Flk+1/2)=0375f(k—2)—1.25f(k - 1)+ 1.875 £ (k) (26)

Then the grid vector value at (k + 1/2)th instant can be
represented as:

E(k+1/2)=0.375E(k —2) —1.25E(k —1) +1.875E(k) (27)

Substituting (27) into (22), it can be obtained a more
accurate voltage vector value at the moment (k + 1), as follows:

V1) = L0 (k+2) =i (k +1)]+E, (k+ 172)
T,

S

I (28)
Vy(k+1) 7 [ig(k+2)—iy(k+1)] +E,(k+1/2)

N

From previous analysis, it can be obtained the control
diagram of the improved VF-MPCC based on Lagrange
interpolation for PWM rectifier, as shown in Fig. 5.

IV. EXPERIMENT RESULTS

To verify the improved VF-MPCC method, experimental
results are presented by using the Typhoon semi-physical
experimental platform. For a comprehensive comparison of
rectifier control performance, the experimental comparison
between the VF-DPC and the modified VF-MPCC with
the same parameters are given. The rectifier’s experimental
parameters are displayed in Table I.

The experimental waveforms of PWM rectifier with VF-
DPC and improved VF-MPCC under steady-state are shown
in Fig. 6. Phase-A voltage and current, DC-link output voltage
and current with VF-DPC are presented in Fig. 6(a), in which,
grid side voltage and input current are basically in phase, and
the output voltage is stable at 620 V. Phase-A voltage and

TABLE I
MAIN EXPERIMENTAL PARAMETERS

Symbol Parameters Values
U, Grid voltage 220 Vims
f Rated frequency 50 Hz
L Filter inductance 10 mH
C DC-link capacitor 470 pF
R Load-side resistor 100 Q
Ve Dc-link voltage 620V
P Rated output power 4 kW
§A Switching frequency 20 kHz

U (110 V/dlv) Udc (200 V/le) i, (10 A/le)

WO,

VE-DPC Time (10 ms/div)

(@)

Tok Ra— o ] g

U, (110 V/dlv) Udc 2}0 V/div) “i, (10 Aldiv)

WKM

Improved VF-MPCC

(d)

Fig. 6. Experimental results with VF-DPC and VF-MPCC under steady-state.
(a) Phase-A voltage (U,), Phase-A current (i,) and DC-link voltage (U,.) with
VF-DPC. (b) Phase-A voltage (U,), Phase-A current (i,) and DC-link voltage
(U,.) with improved VF-MPCC. (¢) THD of phase-A current with VF-DPC. (d)
THD of phase-A current with improved VF-MPCC.

current, DC-link output voltage and current with improved VF-
MPCC are presented in Fig. 6(b), it can be seen that the grid-
side voltage and current remain in phase. The THD waveform
of the grid current from Fig. 6(a) is shown in Fig. 6(c), which
is 4.14% measured by power analyzer. The THD waveform
of the grid current from Fig. 6(b) is shown in Fig. 6(d), which
is 1.34%. Compared with Fig. 6(a) and (c) with VF-DPC, the
grid current THD with improved VF-MPCC is lower.



274 CPSS TRANSACTIONS ON POWER ELECTRONICS AND APPLICATIONS, VOL. 8, NO. 3, SEPTEMBER 2023

Tk Prevu  —1 @

25 A/di\yS A/din A/div)
RGBSR

G

VF-DPC Time (10 ms/div)

(@

Tok Prev § § —"

}5 A/divys i/diys A/div) |
BN \\( \ / A u( /

Improved VF-.MPCC Time (10 ms/div)

Y9

y

Tok fri i 5 I - S NEC
Ve (200 V/div)
iae (10 A/div) ,
2» . ; <
VF-DPC Time (1 s/div)
(¢)
Tole {3t [ : I @

ige (10 A/div) [

Improved VF-MPCC Time (1 s/div)

(d)

Tokt {311 § = 1 y 7 %
P (2000 W/div) o _
Al Aot stk " il
O (2000 W/div)
VF-DPC Time (1 s/div)
(©)
Tok P i3 i @
P (2000 W/div)
pemr T
M,
V\\
0 (2000 W/div)

Improved VF-MPCC Time (1 s/div)

(f)

Fig. 7. Dynamic experimental waveforms with VF-DPC and improved VF-
MPCC under variable load. (a) Three-phase current with VE-DPC. (b) Three-
phase current with improved VE-MPCC. (c¢) DC-link voltage (V,.) and current
(i4) waveforms with VF-DPC. (d) DC-link voltage (V,.) and current (i,,) with
improved VF-MPCC. (e) Active and reactive power waveforms with VF-DPC.
(f) Active and reactive power waveforms with improved VF-MPCC.

Fig. 7 shows dynamic experimental waveforms with VF-
DPC and improved VF-MPCC under variable load from half
load to full load. Fig. 7(a) presents three-phase dynamic current
waveform with VF-DPC. Fig. 7(b) shows three-phase dynamic
current waveform with improved VF-MPCC. From Fig. 7(a)
and (b), it can be seen that the dynamic response of the grid
current is faster under the improved VF-MPCC strategy. The
DC-side output voltage and current waveforms with VF-DPC
are shown in Fig. 7(c). The DC-side output voltage and current
waveforms with improved VF-MPCC are shown in Fig. 7(d).
Compared with VF-DPC, in the proposed VE-MPCC strategy,
the DC-side voltage drop is smaller during variable load, and
the dynamic response time is shorter. Fig. 7(e) presents the
waveforms of the active power and reactive power with VF-
DPC control, in which, the power ripple is large. Fig. 7(f)
presents the waveforms of the active power and reactive power
with improved VF-MPCC, in which, the power ripple is very
small. Therefore, the proposed VF-MPCC has a strong ability
to suppress perturbations.

The waveforms of AC-side line-voltage and estimated voltage
without voltage sensorless are shown in Fig. 8, respectively.
AC-side line-voltage waveform of phase-AB estimated with
VEF-DPC is shown in Fig. 8(a). AC-side line- voltage waveform
of phase-AB estimated with improved VF-MPCC is shown
in Fig. 8(b). From Fig. 8(a) and (b), it can be seen that the line
-voltage waveform with the proposed VF-MPCC has less
disturbance and harmonics than that with VF-DPC. The grid
voltage and the output of the voltage observer with VF-DPC
are presented in Fig. 8(c), in which, it can be seen that there is
a significant error between the phase-A voltage estimated (U.,,)
by the voltage observer and the actual grid voltage (U,). The
grid voltage and the voltage estimated by the voltage observer
with improved VE-MPCC are shown in Fig. 8(d). From Fig. 8(d),
it can be seen that the estimated voltage and actual grid voltage
are basically complete overlapping, and the proposed strategy
effectively improves the prediction accuracy of the whole
system.

The power factor with VF-MPCC and improved VF-DPC at
different operating power is displayed in Fig. 9. From Fig. 9, the
system power factor is almost maintained at 0.9999 with the
proposed VF-MPCC.

The comparison between the VF-DPC and the improved VF-
MPCC is presented in Table II. From Table II, it can be seen
that the current THD and power factor of the steady-state, and
the dynamic response time of the three-phase PWM rectifier are
effectively improved under the proposed VF-MPCC.

Furthermore, in weak grid condition, the system stability is
verified under VF-DPC and improved VF-MPCC, as shown in
Fig. 10. Fig. 10 presents the experimental waveforms at SCR
(short circuit ratio) = 1.5 (corresponding to L, = 22 mH) and
SCR =1 (corresponding to L, = 33 mH), respectively. While
SCR = 1.5, the waveforms of the estimated voltage (U.,), input
current and the actual grid voltage (U,) of phase A under VF-
DPC and improved VF-MPCC are presented in Fig. 10(a)
and (b). From Fig. 10(a) and (b), it can be seen that, under two
control methods, the actual grid voltages have large disturbance,
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Fig. 8. Grid-voltage sensorless algorithm verification waveforms. (a) Estimated
line-voltage (U,;) on the AC side with VF-DPC. (b) Estimated line-voltage (U,,)
on the AC side with VF-MPCC. (c) Grid voltage (U,) and voltage observer
output (U,,) waveforms with VF-DPC. (d) Grid voltage (U,) and voltage
observer output (U,,) waveforms with improved VF-MPCC.
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Fig. 9. The power factor with VF-MPCC and VF-DPC under different power.

the estimated voltages and input currents are basically in phase.
While SCR = 1, the wavefroms are shown in Fig. 10(c) and (d). It
can be found that the actual grid voltages has greater disturbance
than that with SCR = 1.5, the estimated voltages and input

TABLE 11
QUANTITATIVE COMPARISON BETWEEN VF-DPC anD VF-MPCC

Evaluated parameters VE-DPC VE-MPCC
Steady-state current THD 4.14% 1.34%
Steady state power factor 0.9947 0.9999
Variable-load response time ls 025s
Output voltage steady-state error +0.20 V +0.15V

@

Fig. 10. Experimental results with VF-DPC and VF-MPCC in weak grid
condition. (a) Phase-A voltage (U,), Phase-A current (i,) and Phase-A estimated
voltage (U,,) with VE-DPC at SCR = 1.5. (b) Phase-A voltage (U,), Phase-A
current (7,) and Phase-A estimated voltage (U,,) with improved VF-MPCC at
SCR = 1.5. (c) Phase-A voltage (U,), Phase-A current (i,) and Phase-A estimated
voltage (U,,) with VF-DPC at SCR = 1. (d) Phase-A voltage (U,), Phase-A
current (7,) and Phase-A estimated voltage (U,,) with VF-MPCC at SCR = 1.

currents still remain same phase. Therefore, under the control
strategy without grid-side voltage sensors independent of grid-
side voltage information, the stability of the system is effectively
improved in weak grid condition.
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V. CONCLUSION

This paper proposes an improved VF-MPCC with bandstop
filter feedback. The bandstop filter is used to suppress the dc
component of the virtual flux observer, which is more accurate
than the conventional calculation based on the pure integral.
Based on the Lagrange interpolation method, the error of
voltage vector selection in the two-step prediction algorithm is
compensated. The proposed improved VF-MPCC is compared
with the previous VF-DPC from steady-state performance,
dynamic response, and voltage prediction accuracy. The
experimental results show that, the improved VF-MPCC has
good steady-state and dynamic performance, low current THD,
high prediction accuracy under the same sampling frequency
and presents high stability in weak grid condition. Hence, the
improved VF-MPCC for PWM rectifier without grid-voltage
sensorless is one of the optimal solutions to reduce hardware
costs and improve system performance.
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