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Study on PWM Rectifier Without Grid Voltage
Sensor Based on Virtual Flux Delay
Compensation Algorithm

Hui Zhang, Xiaoxiao Zhu, Jingcong Shi, Li Tan, Chuanjin Zhang

Abstract—At present, virtual flux voltage oriented control strat-
egy is one of the widely used control strategies without grid voltage
sensor. To solve the dc bias resulting from voltage vector inte-
gration in vector calculation of virtual flux and further avoid the
steady-state error, a virtual flux observer with negative feedback
resonant filter is presented in this paper based on virtual flux prin-
ciple and a delay compensation algorithm is also proposed to solve
the delay of virtual flux. In addition, the control system diagram of
the pulsewidth modulated rectifier without grid voltage sensor is
brought forth. Then, simulation system and experimental platform
are both established to simulate and test the rectifier. Eventually,
the correctness and feasibility of the proposed algorithm are veri-
fied through the analysis of simulation and experimental results.

Index Terms—Pulsewidth modulated (PWM) rectifier, sensor-
less, virtual flux.

I. INTRODUCTION

S THE widely used power electronic equipment, pulse-

width modulated (PWM) rectifier has long been the re-
search hotspot. The algorithm without grid voltage sensor has
irreplaceable advantages over various rectifier systems. Through
the algorithm without grid voltage sensor, both volume and cost
can be reduced, which has great significance for low power sys-
tem with compact structure [1]-[3]. There are various control
strategies without grid voltage sensor [4]-[6], among which,
virtual flux-oriented control (VFOC) strategy [7]-[10] is most
widely used. This control strategy comprises two parts; one is
grid voltage amplitude and phase observation, and the other one
is double closed-loop control in the synchronous rotating coor-
dinate system. Since double closed-loop control is the same as
traditional voltage oriented control (VOC) strategy, the current
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research works focus on grid voltage amplitude and phase obser-
vation, i.e., virtual flux observer. Virtual flux vector is generated
from voltage vector integration. However, due to the uncertainty
of initial value of pure integration, dc bias may exist in the in-
tegration result. For this reason, researchers propose to replace
pure integration element with low-pass filter, feedback integra-
tion with limited amplitude, dual low-pass filter, etc. However,
for single low-pass filter, the smaller steady-state error is, the
longer the delay is, while through series connection, dual low-
pass filter can avoid steady-state error, but it generates large
transient component. Although first-order low-pass filter can
be used to replace pure integration element, there are errors in
phase and amplitude derived from integration. Such errors may
be reduced by lowering cut-off frequency, but the filter band-
width will be reduced as well, leading to worse system dynamic
characteristics [11]-[18].

Three integration algorithms are put forward in [12]; for two
integration algorithms, state feedback loop is accessed to first-
order low-pass filter. Since the limited amplitude of state feed-
back loop is determined by flux amplitude, such algorithms
call for accurate flux amplitude. The third integration algorithm
presented in [12] calculates virtual flux vector based on the or-
thogonality of the grid voltage vector and the virtual flux vector.
However, the accuracy of such algorithm relying on the orthog-
onality will be affected in case of disturbance in grid voltage
vector. In [19], first-order low-pass filter is designed and the
original single first-order low-pass filter is replaced with two
tandem first-order low-pass filters as well. In this way, it is more
flexible to design filter, but dynamic characteristics of the system
are reduced. In [20] and [21], a model is used to calculate the
predicted virtual flux, and then active power and reactive power
can be estimated based on the virtual flux, which involves large
computational costs. In [22], the method of frequency lock loop
of second-order generalized integrator is proposed to estimate
grid positive and negative sequence virtual flux components
and further realize sequence separation. However, its accuracy
is affected by parameters of proportional resonant controller.

In [23], a sensorless control strategy for PWM active filters is
proposed by using only two current sensors which are located in
the grid interface. The compensation is performed by the impo-
sition of sinusoidal current references in the grid, and it does not
require algorithms for disturbance estimation. However, the dc
bus voltage sensor is less explored because of its uses in over-
voltage monitoring [24]. In [25], a new virtual flux observer
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Fig. 1. Main circuit of PWM rectifier.

with low-pass filter compensation link is proposed to precis the
flux observer in VFOC of the PWM rectifier. Low-pass filter
adopted in conventional virtual grid flux to substitute the pure
integrator to least the dc drift would result in error of amplitude
and phase angle. Although flux observation results no longer
rely on the initial value, the amplitude and phase errors still
exist [26]. In [27], a new control strategy for three-level neu-
tral point clamped PWM rectifier without power source voltage
sensors is presented. Virtual flux is estimated and used to cal-
culate the phase of the power source voltage and instantaneous
power. Then, on these bases, a direct power control scheme for
three-level PWM rectifier is presented. An optimal switching
table is established and vector switching scheme and balance
strategy for the neutral point potential are discussed. But the
calculation is complicated, which increases the operation dif-
ficulty. In [28], a control strategy for PWM rectifiers without
grid voltage sensor employing a current-shaping strategy is pro-
posed. The proposed technique has the ability to reject harmonic
components from grid voltage and power factor adaptation in
the presence of uncertain grid impedance. Nevertheless, this
increases the complexity of the control design once there are
more uncertain parameters. For those reasons, the absence of
voltage sensors is preferable. In [29], an adaptive algorithm is
employed to achieve a high power factor in the grid even for
uncertain parameters of the circuit impedance and load power.
For the current shaping strategy applied in the control of active
filters, none of the solutions, RC or PI/PID, are explored for a
better disturbance rejection.

In this paper, a virtual flux observer with negative feedback
resonant filter is proposed based on the principle of virtual flux,
and the derivation process and setting method for parameters of
the observer are also presented. As for the time delay problem
of virtual flux, a delay compensation algorithm is proposed to
adjust virtual flux phase by adjusting the inductance value used
for the calculation of virtual flux. The simulation and experiment
prove that the proposed method in this paper can avoid steady-
state error and show good control performance in the meantime.

II. VIRTUAL FLUX DELAY COMPENSATION ALGORITHM BASED
ON RESONANT FILTER WITH NEGATIVE FEEDBACK
A. Mathematical Model of Virtual Flux Observer

The main circuit of the PWM rectifier is shown in Fig. 1,
in which, U,, Uy, and U, refer to three-phase grid voltage,
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Fig. 2. Resonant filter with negative feedback.

L refers to inductance, R, refers to equivalent resistance of
electric reactor and switching loss, V11— Vg are the IGBTS,
Vp1— Vpg are the diodes, C is the dc-link capacitance, Uy, is
the dc-side voltage.

The mathematical model of the PWM rectifier in o3 two-
phase static coordinate is expressed as follows:

Ua _ L d iﬂ. + U S(l (1)
Us| — dt [ig| |8
Set
v,] [fu,dt
2
Uy [Ugsdt

Integrate (1) and combine (2), the definite integration equation
in the control system is as follows:

[y Uadt
fot Ugsdt

la

+ Udc (3)

15

NN dt]

Jo Sadt

B. Analysis on Characteristics of Resonant Filter With
Negative Feedback

DC component generated from integration initial value is in-
cluded in the integration result of (3), which must be eliminated
to accurately calculate the rotation angle of grid voltage vector.
For this purpose, an improved negative feedback resonant filter
is proposed in this paper.

The structure of the resonant filter with negative feedback is
shown in Fig. 2, including pure integration and negative feed-
back resonant filtering. In this figure, K, is open-loop gain coef-
ficient of the resonant filter, which can adjust dynamic character-
istics of the resonant filter; w, is the resonance point. Since the
input signal U contains ac component of fundamental frequency
and dc component generated from integration initial value af-
ter the integration, the fundamental frequency is selected as the
resonance point of this resonant filter, namely, we = wy.

So the transfer function of the input signal U and the output
signal W is as follows:

K,

P = 7.
() s 4+ Kps +wj

“)

The phase change of amplitude of fundamental frequency
signal is as follows:

\If = UCI) (j(.U()) . (5)
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The following formula can be derived through simplification
of (4) and (5):

V=U—=—¢77%, (6)

So response value equals to theoretical value, namely, ¥ =

\Ijtheory .
Set

{Ua =U,,sin (wot + 0y + %) o

U[} = Umsin (wgt + 00)
Then, the expression of Us in complex frequency domain is
as follows:

wpcosty + ssinb
s + w?

()

U/} (S) = Um

and the expression of U3 (s) in complex frequency domain is as
follows:
(s + K,) cosby — wy sinby

s 4+ Kps +wj

wo WoCos (90 — g) + ssin (90 _ %) )

+

s? 4w}

where steady-state component is the fundamental component

~ U, wocos (0g — %) + ssin (0y — &
By (s) = Lm0 (% 22) 2 -3
wo §° 4 wyj
So, the expression of corresponding fundamental component
in time domain is as follows:

= UTH .
Uy (1) = sin (wot 0, — 5) (11)
' wo 2
where the transient component is as follows:
- Uy, K 50y — wpsing
\Ij‘ﬁ (8) _ 7 (5 + P)COb 0 WpsSmoy . (12)

wo s2+ K,s +w?

When K, = 2wy, transient component is the same as that in
the series algorithm of dual low-pass filter, which is shown as
follows:

Uy (t) = Z—m [00500 + V2wt cos (90 + %)] et (13)

Similarly, transient component in «-axis is as follows:

T, UTVI,
v, (t) = w

; [COS@Q + V2wt cos (90 + I)} et (14)

4

Thus, the square of amplitude of transient component is as
follows:

T2 (1) = (Tp)° (1) + (0,)7 (¢).

The following equation can be derived through substitution
of (13) and (14) into (15):

15)

2
W2 (t) = (ZO> [2wp?t? + 2wyt + 1] e 207, (16)
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When K, > 2wy, without regard to the exceptional case of
pole-zero cancellation, (12) can be further simplified as follows:

s (s) = s jilsl 3 —kfsz 1n
where
5] = 5 e 5
cosb ( K2 — dwj — Kp) + 2wpsinby
e 24/ K2 — 4w
. cosfy (, [K2 — 4 - Kp) — 2upsindy
, =

2\ /K2 — 4u?

Therefore, (15) is expressed in time domain as follows:

_ U,
\I/f t) = —
s (8) =7,
_ costy < K‘g 4(4)(2) — Kp) + 2wpsinb 1
2/ K2 — 4w
Kp—y/KZ-4w?
xe =z !
X . (18)

i cosfy (« JK2—dwi—K, )—Qwosine[)

2¢/K?—4w?

- -2 2
7I\P* I\p—4wo
X e 2

Similarly, the transient component in the cv-axis is as follows:

U, (t) = 2
0=
[ —sinf, (, [K? — 4w — Kp> -+ 2wy cost |
2, /K2 — 4w
kpf,/h'fﬁué
xe =z !
X . (19)
—sinfy (1 /Kg — 4w — Kp) — 2wqgcosty
_l’_
2,/K2 — 4w
Kp—y/K2-4w?
| xe z ! ]

So the square of amplitude of the transient component is as
follows:

(20)
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The following equation can be derived through substitution
of (18) and (19) into (20):

vo-(%)

[ 2 Y 42
o~ Boy B =40, yrpy

2 (K2 — 4w})

o | K2+ K, K2 4w

+ . o (Ep—/KZ 4wt 2D
2 (K2 — 4wj)
—4wi Kyt
+ ey
| KD — 4w ]
When K, < 2wy, (18) can be expressed as follows:
= -
\I/ﬂ (S) = o - % 5 KZ (22)
R )
where k; = Zpcosfo Zwosindy 3 — ¢0s6,. Equation (22) is ex-

VAawi —K}?

pressed in time domain as follows:

T, U7Tl
qjx’ t) =
5 (1) =
r K, cosfly — 2wysinby 7
4w0 K2 K2
sin ( w2 — -t t) _&t
X 402 — 4 e 2 .

—|—c0800 cos (\ Jwi — )

(23)
Similarly, transient component in the c-axis is as follows:
_ U,
U, (1) = —
)=

r —K,sinfy — 2wy cosb 7

\JAwd — K2

X \JAw — K2

K?
—sinfycos | /wi — Tpt

(24)
So the square of amplitude of the transient component is as
follows:
r K,
——2——sin (,/4w0 K2t )
dwi — K?
U 2 _K2 K
V()= ") |-——L= (, [4w? — K?t) Kt
(t) (wn ) P 2 cos Wi 2 e
4w
e _

(25)
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TABLE I

SQUARE OF AMPLITUDE OF TRANSIENT COMPONENT WITH DIFFERENT Kp

Square of amplitude of transient

K, value
component l}72(t)
U 2
Kp :2600 { m} [zwgtz +2w0t+1:.e—2a)0/
a)O
Kﬁmsh(mt)
Kp > 2(1)() [i] o +(K '_K:74(03)A‘i”h(\lmt)
o, ) K, —40, PN d ' » a
4y
Kf)rnx(,km,f—l(it)
Kp<2w0 Ua e K, J4w] - K |sin(J4a] Kt
(] T ol o)
741002

The estimated value of the virtual flux vector is shown in
Fig. 3, where Wegimate 18 calculated value including steady-state
component W, namely, theoretical value; transient component
U shows exponential decay. Therefore, the smaller the absolute
value of the transient component is, the smaller the deviation
between the estimated value and the theoretical value of the flux
vector is. The calculation above shows that different K, lead
to different transient component amplitudes. Suitable K, needs
to be picked out through comparison of transient component
amplitudes under three circumstances. Square of amplitude of
transient component with different K, is shown in Table I,
which indicates that the amplitude of the transient component
is not affected by the phase of initial point, but determined by
fundamental frequency wy and resonant filter gain coefficient
K, . In this way, comparison of amplitudes can be converted to
comparison of squared amplitudes to simplify the calculation.

Set

fo () = [2w5t? + 2wpt + 1] x e 20" (K, = 2uwy)

KZcosh (, JK2 — 4wgt)
oKyt
fu(t) :41(3 awp | KR~ 4w3sinh (, [ K2 — 4w8t)

2
—4w;

(Kp > 2(4)())

(26)

27)
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K cos (, [4wd — th)

oKyt
fo(t) = K21} 7Kp\/4w3 — K2sin (\/4w§ — th)
—4w?
(Kp < QWQ). (28)

It can be seen that initial values of f,(t), f1 (), and f(¢) are all
equal to 1. Deriving f(t), f1(t), and f>(¢), we can obtain the
following:

fo(t) = —dwit?e 2wt (29)
—4K,w?

[(t) = ——L% |cosh (/K2 —4wdt) — 1| e 52! (30
£i0) = gz [cosh (VG — eft) =1 7 0
—AK,w? _

() = ﬁ [cos (,/4w3 —th) - 1} et (31)

It can be seen from (29)-(31) that f)(t), fi(¢), and f5(t)
are all less than 0, so fy(t), f1(t), and f>(¢) show monotone
decreasing.

1) Compare fi(t) and fy(t)

Set
a0

flo ()

Both f{(t) and fi(t) are less than 0, so ¢y is greater than
zero. When g; > 1, the decreasing rate of f)(¢) is greater than
that of fj(¢); when g; = 1, the decreasing rate of f;(¢) equals
to that of fy (t); when g1 < 1, the decreasing rate of f; (¢) is less

than that of f;(¢). Via substituting (29) and (30) into (32), the
following equation can be derived:

sinh 7\wt
2K, 2
g () =

 w (K2 —4uw) t

a1 (t) (32)

2

o(2w0—K )t

(33)
Work out the limit value of g (¢) when 7 approaches 0, namely

K
limg (t) = =2 > 1.

t—0 2wy 34)
According to the mathematical theorem, then
= 42
K2 1w}
a0 (t) ~ QZKI) 5 2 t €(2w0 —K,)t
wo (Kp — 4(.«.)0) t
K, -
= ﬂf;e(m*rﬂ. (35)
Set
K ,
M, (t) = —Lelwo=Kat, (36)

2(,00

The initial value of M, (t) equals to K,/ 2wy which is greater
than 1. When time ¢ approaches positive infinity, M (¢) equals to
zero. In addition, M, (t) shows monotone decreasing in respect
totimez. So, M (t) = 1 has one and only one positive solution 1
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shown as follows:
1 1 K,
In —2

2wy Kr 1 2wy
2w

t 37

Therefore, when ¢ < t1, M;(t) is less than K, /2w, and
greater than 1; when ¢ > ¢;, M;(t) is less than 1 and greater
than 0. In this way, when ¢ > t1, g; (¢) is less than 1 and greater

than O.
Set

fla) =

where © = K, /2wy. Work out the limit value of f(z) when x
approaches 1 and positive infinity shown as follows:

Inz(x > 1) (38)

r — 1

lim, . =1
e J(0) (39)
lim, 4 f (z) =0.
f(x) can be derived as follows:
1—L —Inx
"(#)= —L— 40)
= (
Through calculation
lim ' (x) = — ! 41
@) =g @D

When z > 1, f/'(x) < 0, so f(z) shows monotone decreas-
ing, and therefore

1
t1 < —

S (42)

Whent > 1/2wy > t1, g1 (t) is less than 1 and greater than 0,
and the decreasing rate of f; (¢) is less than that of fj (¢). Through
substitution of ¢ = 1/2wy into (30), the following equation can

be derived:
1
fo () = 0.9197.
2&)0

Since t = 1/2w is an extremely small number, the case that
the decreasing rate of f;(t) is greater than that of f,(¢) when
t < t; can be ignored. Therefore, through overall consideration,
fo(t) has better dynamic characteristics than f ().

2) Compare f(t) and fy(¢), then (1)~(33) can be derived as

(43)

follows:
2
2 2
8K, wl VAwy — K
/ _ pr0 N -K,t
f2 (t) = m Sin ff (& . (44)
Therefore
2
2 2
—8K,wi | Ao — K :
£ (t) ~ kadl Pl e ot (45)
? 4w} — K2 2

Set a function as f5(t), and its initial value is the same as
fo(t), f1(t), and fo(t) which equals to 1. Its derivative is f§(¢),
shown as follows:

fi(t) = —2K,wit?e Kot (46)
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It can be seen from (41) that the decay rate of f5(t) is faster
than that of f5(¢). Therefore, comparison between f;(¢) and
1¢(t) can be converted to comparison between f4(¢) and f{(¢).

Set

T ()
flo ()
Substitute (29) and (46) into formula (47), then the following

formula can be derived:

M, (t)

(47)

K, ,
M, (t) _ Je(ZmeKp)t.

= 4
o (48)

Since K, < 2wy, M>(t) shows monotone increasing. When
t approaches 0 and positive infinity, the limit value of M (t) is
shown as follows:

lim, g My (t) = 2, <1
lim,, 4 oo Mo (t) = +00.

Kl)
(49)

So M5 (t) = 1 has one and only one positive solution, namely

1 2&]0

- - _n=
2w0—Kp "

t .
2 K,

(50)
When 0 < ¢ < to, M>(t) is less than 1, so the decay rate of
fo(t) is faster than that of f3(¢); when t > to, Ms (%) is greater
than 1, so the decay rate of fy(¢) is slower than that of f5(¢).
Equations (1)—(47) can be derived as follows:

11 2o
ty = =————In"",
209 1 — 5= K,
Set
f(x)= p— 1111:17 (51)

where © = K, /2wy, 0 < x < 1. Work out the limit value of
f(z) when x approaches 0 and 1

lim,_; f(x) =40
{limnﬂg f(x)=1. (52)
f(x) can be derived as follows:
1—1 —Inz
! =— 53
f () (@ — 1) (53)

Through calculation, f'(z) <0, so f(z) shows monotone
decreasing. Besides, f(x) equals to 1 when x approaches 1, so
f(z) is greater than 1. Thus, ¢, is greater than 1 /2wy . fo(1/2wy)
is proven to be a value approaching 1 after t = 1/2wy is sub-
stituted into (1)—(50). Therefore, the time period when t < 9,
M, (t) is less than 1 and the decay rate of f; (¢) is faster than that
of f3(t) can be ignored, which means the decay rate of f5(t) is
faster than that of fy(t). f2(t) and f5(¢) are approximate func-
tions based on the previous context. Therefore, through overall
consideration, f5(t) has faster decay rate than f5(t).

Through comparison, fj(t) has faster decay rate than f; (¢)
and f,(t) under overall consideration. Thereby, 2w is taken as
the gain coefficient K, of resonant filter with negative feedback.
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Fig. 5. Simulation waveforms of fo (¢), f1(t), f2(t).

From (5), we can obtain the characteristic equation of flux

observer with negative feedback
s* + Kps +wi = 0. (54)
Based on the second-order optimum system of systems engi-
neering, the value of K, is as follows:
K, = V2w. (55)
When K, is set as 2wy, 2.5wp,v 2wy, simulation waveforms of
corresponding fo (), f1(t), f2(t) are shown in Fig. 4. Fig. 5
shows the waveforms at initial period of 0-0.0035 s in Fig. 4.

It can be seen from Figs. 4 and 5 that at the initial period, the
decay rate of fi (¢) is faster than that of f,(¢), and the decay rate
of fo(t) is faster than that of f5(¢). However, during 0.004 and
0.012 s, the decay rate of f;(t) is faster than that of f;(¢), and
the decay rate of f5(t) is faster than that of f;(¢). Under overall
consideration, the decay rate of f5(t) is the fastest, which is in
line with the previous result.

Virtual flux observer with negative feedback resonant filter
not only can solve the time delay caused by one-order low-
pass filter, but also has better dynamic characteristics than cas-
caded structure of dual low-pass filter. Furthermore, its system
structure is more favorable to flux observation at uncontrolled
rectifying stage.

The system structure of the virtual flux observer with negative
feedback resonant filter is shown in Fig. 6. AC-side flux of the
rectifier is generated from the integration of ac-side voltage of
the rectifier, including fundamental component, harmonic com-
ponent, and dc component resulting from the integration initial
value. With the addition of inductance flux, grid voltage virtual
flux and dc bias component can be obtained. Then, accurate grid
voltage virtual flux can be obtained by means of resonant filter
with negative feedback.
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Fig. 6. Resonant filter with negative feedback.
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Fig. 7. Voltage reconstruction based on virtual flux.

C. Grid Voltage Reconstruction

Based on the control strategy of inner current control feed-
forward decoupling, grid voltage vector will be used to locate
and compensate. The algorithm of the virtual flux is presented
in Sections II-A and II-B, so grid voltage vector can be obtained
indirectly. Equation (3) can be derived as follows:

Uy + iU = —w¥j3 + jwV,. (56)

The space vector position relation is shown in Fig. 7, which
indicates that the amplitude of grid voltage vector is w time(s)
the size of the virtual flux vector, and the phase of grid voltage
vector is 90° ahead of the virtual flux vector’s phase, therefore

{Uu = —w\I//g

57
Ug = w¥,. 67

According to the transfer matrix shown in (58), combine (57)
and (1), then, the component of the grid voltage vector in the dg
rotating coordinate system is shown in (59)

Co | oo (wt+6)  sin(wt+0) (58)
22 _sin (wt +0) cos(wt + 0)

Ui| _ |wy /W2 + 07 (59)

U, 0 '

Based on (1), (58), and (59) in this section, the amplitude
of the grid voltage vector and the trigonometric function of the
corresponding rotation angle can be figured out, and further
applied to double closed-loop current decoupling control.
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Fig. 9. Voltage vector diagram.

D. Delay Compensation of Virtual Flux Observer

As for the filter of the virtual flux observer, in the case of con-
version from continuous complex frequency domain to discrete
difference equation, its amplitude-frequency characteristic will
change inevitably, and therefore delay will be caused to funda-
mental signal. Meanwhile, both sampling process and system
calculating process may cause delay. Therefore, certain delay
exists between the grid voltage vector obtained from the virtual
flux and the true value. In this regard, a simple and effective
method is proposed in this paper to compensate such delay.
The following equation can be obtained after K, = 1.414wy is
substituted into (4)

444.221s
G = ——. 60
(%) = = 08696.014 (60)
Then, its Z-domain formula is as follows:
0.02221z2 — 0.02221
G(2) = i . 61)

22 —1.999z +1

The Bode diagrams of (59) and (60) is shown in Fig. 8.

When the rectifier runs normally, the actual value of the grid
voltage vector is Uy shown as Fig. 9. After controlling by the
unity power factor, the grid voltage vector and ac-side voltage
vector of the rectifier bridge are Uy and V}, respectively. The
observed voltage vector is U; which has 6,4 delay compared to
the phase of Uy By using the double-loop control, if we want
the dc-side voltage equal to the set value, then the inductance
voltage vector is shown as Uy, whose component is Uy in
the vertical direction. Besides, due to the unity power factor
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based on virtual Flux.

control, Uy 9 is perpendicular to U; . V4 is the output fundamental
frequency voltage vector of the rectifier bridge. Through Uj
and V5 we can theoretically calculate Uy However, influenced
by the system sampling, modulation delay and the changing of
filter from continuous domain to discrete domain, the calculated
voltage is Uy while V; is the equivalence of rectifier bridge’s
ac-side voltage vector after delayed. Thus, we use Uy, instead
of Ur; to obtain Uy, U can be used to replace Uy to obtain
Uy

_ U _ 20—V _
Urs Urs

_ Ves

K
Urs

2 (62)

where V,p is the component of V5 in [axle in the two-phase
stationary a3 coordinate system; Uy is the inductance voltage;
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Uy denotes the actual inductance voltage. Since the frequency
remains unchanged, the equivalent inductance is shown as
follows:

Leq = KLTB' (63)

In this paper, the proposed delay compensation method is
designed to adjust inductance used for the calculation of virtual
flux and further adjust the phase of virtual flux. The adjustment
effect is shown in Fig. 10, in which, ¥ is the virtual flux of
the grid voltage, W is the virtual flux of inductance partial
pressure, and @ is the virtual flux of the ac-side voltage of
rectifier. When the rectifier runs as per unity power factor, U,
is perpendicular to W. After fine adjustment of W, it becomes
W 7, and corresponding virtual flux of grid voltage turns out to
be V. In this way, delay can be compensated while little change
happens to flux amplitude.

E. PWM Rectifier Control System Without Grid Voltage
Sensor Based on Virtual Flux

According to the analysis and calculation of the virtual flux
algorithm in Sections II-A, II-B, II-C, and II-D of this paper,
the diagram of the PWM rectifier control system without grid
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Fig. 18. Experimental platform. (a) Three-phase two-level PWM rectifier
experimental platform. (b) Controller.

TABLE I
SIMULATION PARAMETERS

Parameter/Unit Value
Rated power/kW 20
Line voltage/V 380
Rated current Iy/A 30
Rated frequency /Hz 50
DC side voltage given /V 680
Switching frequency /kHz 5

voltage sensor based on virtual flux can be obtained, as shown
in Fig. 11.

III. SIMULATION RESEARCH
A. Parameters of Simulation Model

Combined with the system structure and algorithm imple-
mentation method in previous sections, simulation is carried
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analysis of a phase current with voltage sensor in steady state and the THD

is 1.03%.

out to verify the PWM rectifier without grid voltage sensor in
accordance with set simulation parameters.

B. Result of Simulation

As for the PWM rectifier without network voltage sensor,
its dc-side voltage and ac-side current are shown in Fig. 12.
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of A phase current without voltage sensor and the THD is 4.06%. (e) Phase voltage and current oscillogram of PWM rectifier with voltage sensor. (f) Harmonic

analysis of a phase current with voltage sensor and the THD is 3.36%.

It can been seen from the figure that after the rectifier reaches
steady state, the dc-side voltage is under effective control and
the ac-side current realizes three-phase symmetry, with high
degree of sine. Harmonic analysis of a phase current is shown in
Fig. 13, which indicates that total harmonic distortion of a phase
THD = 0.98%, with small harmonic content.

The comparison between the output angle of phase-locked
loop with sensor and that of the virtual flux observer without
sensor at uncontrolled rectifying stage is shown in Fig. 14, which
indicates that it can realize flux observation and voltage recon-
struction at the uncontrolled rectifying stage, but there is certain

delay compared to the algorithm with sensor. The comparison
between the output angle of phase-locked loop with sensor and
that of the virtual flux observer without sensor at controllable
rectifying stage is shown in Fig. 15, which indicates that it
can realize virtual flux observation and voltage reconstruction
at controllable rectifying stage, but there is also certain delay
compared to the algorithm with sensor. After compensation of
the virtual flux delay, the observation result at the uncontrolled
rectifying stage and the output result of the phase-locked loop
with sensor are shown in Fig. 16, which indicate that the time
delay between the former and the latter can be ignored. The
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observation result at the controllable rectifying stage and the
output result of phase-locked loop with sensor are shown in
Fig. 17, which indicate that the delay between the former and
the latter can be ignored as well. According to Figs. 14—17, flux
angle can be correctly observed through algorithm of virtual
flux, and the delay can be appropriately compensated through
algorithm of delay compensation.

IV. EXPERIMENT RESEARCH

A. Experimental Verification

The algorithm proposed in this paper is verified through the
experimental platform of three-phase two-level PWM rectifier,
which is shown in Fig. 18. Experimental parameters are con-
sistent with simulation parameters as shown in Table II. Key

controllers of the experiment include TMS320F28335 DSP of
Texas Instruments and Spartan- XC6SLX45 FPGA of Xilinx.
DSP completes core algorithm as the main controller, and FPGA
completes AD sampling, dead zone delay, and other miscella-
neous functions as the coprocessor. 7TMBP150RA120 IPM is
used as the IGBT power module. In order to facilitate mea-
surement, semaphore to be measured was observed by Agilent
MSO6014A oscilloscope through D/A output.

B. Experimental Results

Without algorithm of the virtual flux compensation, the obser-
vation angle of virtual flux at the uncontrolled rectifying stage
and the output angle of phase-locked loop with sensor are shown
in Fig. 19, which indicate that the delay exists between the out-
put angle of virtual flux and that of the phase-locked loop; the
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observation angle of virtual flux at the controllable rectifying
stage and the output angle of phase-locked loop with sensor is
shown in Fig. 20, which indicates that the delay exists between
the output angle of virtual flux and that of the phase-locked loop
as well. After delay compensation, the observation angle of vir-
tual flux at the uncontrolled rectifying stage and the output angle
of the phase-locked loop with sensor are shown in Fig. 21, which
indicate that delay between the output angle of virtual flux and
that of the phase-locked loop can be ignored; the observation
angle of virtual flux at the controllable rectifying stage and the
output angle of the phase-locked loop with sensor is shown in
Fig. 22, which indicates that delay between the output angle of
virtual flux and that of the phase-locked loop can be ignored as
well.

Fig. 23 shows the voltage waveform at the time of load sud-
den change. The set value of voltage is 720 V, and initial load
resistance is 16 €. During steady state, the voltage waveform
can perfectly follow set value, current waveform and voltage
waveform have the same phase, and current is approximately
sine wave. It can be seen from the figure that during the tran-
sient process, voltage and current always have the same phase,
without vibrating phenomenon. Fig. 23(b) and (d) show that
THD of grid current is 1.18% and 1.03%, respectively. From
the experimental result, it can be seen that the algorithm pro-
posed in this paper can achieve the same control effect as the
PWM rectifier with voltage sensor.

In actual field operation, the use of various nonlinear loads
would result in nonstandard three-phase grid voltage. The grid
voltage may be distorted to generate different higher harmonics.
Thus, to ensure the sound operation of control algorithm when
the grid voltage is distorted is very necessary. In this experiment,
the three-phase voltage source in the laboratory is used to power
the converter. The single-phase voltage amplitude of the three-
phase voltage source is 334 V. Fig. 24(b) shows that THD is
5.2% including three-time, five-time, and seven-time and other
odd harmonics.

Fig. 24 shows that after grid voltage is distorted, when adopt-
ing the method with voltage sensor, the grid current THD has
risen to 3.36% from 1.03%, while adopting the method with-
out voltage sensor, the grid current THD has risen from 1.18%
when the grid voltage is not distorted to 4.06%. From Fig. 24(c),
the time delay of the output angle of virtual flux relative to the
phase-locked loop can also be ignored. Hence, when the grid
voltage is distorted, the algorithm proposed in this paper can
ensure a sound sine degree of grid output current and achieve
the same control effect as the algorithm with voltage sensor.

In a real industrial application environment, when a power
system 1is short circuited, or a high-power nonlinear load is
switched ON, it may cause a transient drop of one phase of
the three-phase power supply. Therefore, it is valuable to ensure
the steady and normal function of the algorithm when one-phase
voltage drops and keeps the converter from withdrawing the
system.

Fig. 25 is the experimental oscillogram of two algorithms
when A phase voltage drops 25%. It can be seen from the
figure, when the grid voltage drops, the proposed algorithm
can keep the three-phase symmetry of three-phase grid output

861

current, and achieve the same control effect as the algorithm
with voltage sensor, which can guarantee the normal operation
and good reliability of the system.

V. CONCLUSION

Mathematical model of the virtual flux algorithm is analyzed
in this paper. The improvement is made to the existing virtual
flux observer, and then the virtual flux observer with negative
feedback resonant filter is proposed in this paper. The simulation
and experimental results show that the proposed virtual flux ob-
server can realize flux estimation without steady-state error and
it has better dynamic characteristics than the series algorithm
of dual low-pass filter. Furthermore, relevant parameters of the
observer are adjusted. Eventually, a delay compensation algo-
rithm is brought forward to solve the delay of virtual flux, which
can effectively compensate the error caused by system delay to
flux observation. In this paper, the aging of electric reactor is
not taken into account. The estimated value of the virtual flux is
bounded to change with the change of inductance.
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