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Abstract—The system time delay, which can be several times
greater than the switching period, is typically neglected during the
design of a three-phase voltage source rectifier system. As a result,
the system time delay can cause different types of deteriorations,
including a surge in the ac current, an overshoot in the dc-link
voltage, and a decrease in system stability. This study first develops
a dc model and linear model to form the basis of the analysis of the
relationships between the system time delay and deteriorations. A
novel method is then proposed to provide an accurate measurement
of the system time delay to improve the efficiency of compensation
methods. Based on the analysis and measurement results, two new
compensation methods are subsequently proposed to effectively
mitigate these deteriorations. The efficiency of the measurement
and compensation methods is finally demonstrated via simulations
and experiments.

Index Terms—Compensation, deteriorations, measurement, sys-
tem time delay (STD), three-phase voltage source rectifier (VSR).

1. INTRODUCTION

HREE-PHASE voltage source rectifiers (VSR) have been

widely used in industry due to their advantageous proper-
ties, such as low harmonic distortion current, controllable power
factor, and bidirectional power flow. However, when variables
in the primary circuit, such as the ac current and grid voltage,
are required in the system, the system time delay (STD) can
lead to differences between the digital variables in the control
system and the analog variables in the primary circuit. The STD
is primarily generated by the sampling circuit, analog—digital
(AD) conversion, and pulse width modulation (PWM), and can
be several times greater than the switching period.

The STD has been studied in several publications. [1]-[6]
considered the STD in the ac current (STD-ACC) and deter-
mined that the STD-ACC could decrease system stability, but
no method to mitigate this deterioration was provided in these
studies. Wang et al. [7]-[22] used a controller that was based on
a predictive current observer to compensate for the STD-ACC;
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however, this method required additional computing resources,
and the observers were also sensitive to variations in param-
eters, such as in the resistor and inductor, which might cause
additional estimation or prediction errors. A method that was
based on a Smith predictor was proposed to compensate for
the STD-ACC in [23]; however, this method could cause a loss
of robustness, and the predictor was difficult to construct be-
cause it was based on a complicated analog circuit. He et al.
[24] predicted the duty ratio of the present switching cycle to
compensate for the STD-ACC; however, this method was only
applicable for a dc—dc converter whose duty ratio was con-
stant. Zou et al. [25]-[28] decreased the STD-ACC by adjust-
ing hardware filtering parameters, using a high-speed AD chip
and compacting control codes; however, this method could in-
crease the hardware cost. Stumper et al. [29]-[34] used the state
equations to determine the system’s next state to decrease the
STD-ACC; however, these methods assumed that the switching
frequency was sufficiently high and that the equations could ac-
curately describe the system, which might be difficult to achieve
in real applications. Pan er al. [35] shifted the capacitor current
sampling time toward the reference update time of the PWM
to compensate for the STD-ACC; however, the shifting of the
sampling constants was limited by switching noise. Wang et al.
[36] artificially increased the value of the STD-ACC to improve
system stability; however, this method was only applicable for
a converter with an LCL filter, and it caused system instability
when the STD-ACC increment was inaccurate.

The main contributions of this paper are summarized below
and are compared with the aforementioned studies.

First, previous studies only considered the STD in the ac cur-
rent but never considered the STD in the grid voltage (STD-GV).
This paper studies the STD-GV and deduces the corresponding
effects, which not only indicate the root cause of the current
surge and voltage overshoot in a three-phase VSR during the
startup process but also provide the theoretical basis of com-
pensation methods for the STD-GV.

Second, none of the previous studies provided a precise mea-
surement of the value of the STD, hindering the development
of a high-quality compensation method for the STD. This paper
proposes the first accurate method for measuring the value of the
STD, which greatly improves the efficiency of the compensation
methods.

Third, the compensation methods presented in the previous
studies only improved system stability that is deteriorated by
the STD-ACC but did not mitigate the current surge and voltage
overshoot that are caused by the STD-GV during the startup
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Fig. 1.

Primary topology of a three-phase VSR.

process. This paper proposes two new compensation methods:
one that mitigates the current surge and voltage overshoot to
make the system start more smoothly, and one to improve system
stability while requiring fewer calculations, avoiding additional
errors and being applicable for most converters.

The remainder of this paper is organized as follows. Section
II establishes the dc and linear models of the VSR system, and
Section III presents a quantitative analysis of the different types
of STDs and their deteriorations. Section IV proposes a novel
method to accurately measure the STD. Based on the analysis
and measurement results, two new compensation methods are
also proposed to mitigate these deteriorations. The simulation
and experimental results are used to confirm the theoretical
analysis and methods in Section V, and concluding remarks are
given in Section VI.

II. MODELS OF A THREE-PHASE VSR

To enable a precise analysis of the relationships between the
STD and deteriorations, dc and linear models of the VSR system
should be developed.

The primary topology of a three-phase VSR is as shown in
Fig. 1, where ey, is the grid voltage, i is the ac current, iy, is
the dc current, uq. is the dc-link voltage, ¢; is the state of the
upper switch, which equals one when the switch is ON, C is
the filter capacitor, L is the inductor, R is the winding resistance
of the inductor, R, is the load, and k represents a, b, and c.
Losses and other parasitic parameters are neglected to simplify
the modeling process.

When the power grid is balanced, the state equations of the
VSR are shown in (1) based on Kirchhoff’s Voltage Law and
Kirchhoff’s Current Law

iy €, 2 -1 -1 €a
(LL+R) iy |=|e | — 4| -1 2 —1]]e&
le € -1 -1 2 €

CUde = e,iy + eyip + Ecie — i
ey
The switch variables, such as ¢,, make some of the vari-
ables in (1) contain high-frequency components; thus, an av-
erage state-space method is used to omit these components,
and the state equations of the VSR at low frequencies can be
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obtained as

(o), €a 2 -1 —11[d,
L + R <’LZ,>T9 = | € - 7@”;”‘5 —1 2 -1 db
1 (ie >Ts €. -1 -1 2 d.
(mlic = da T + dh > Ty +d, <7;(2>TS - <ZL>Ts
2

where dj, is the duty cycle variable, T is the switching period,
and the relationship between ¢ and d;, can be described as

t+dy T t+ T
(er)r. = ( / 1dt + /
t t+dp T

Because the variables of the ac current and duty cycles are
coupled in (2) (e.g., ¢, is related to d,,, dj,, and d..), the new duty
cycle variables can be redefined as

Odt) /Ty =di.  (3)

d,, -2/3  1/3 1/3 d,
dg =11/3 -2/3  1/3 dy | . 4)
d /3 1/3 —2/3] Ld.

By substituting (4) into (2), the state equations of the VSR
without coupled items can be described as

{ia)r, d,
(L%+R) <ib>T$ =16 | — d{) <Ud(:>TS
ic)y, d.
d{uq. . . .
CRMe e — Gt i)y, + dy (iy)g, + L (ic)p, — (i), -
(5)

Equation (5) contains several ac variables that are difficult to
control; thus, a Clark transformation is used to transform the ac
variables in (5) into dc variables in

i E d i
(L%+R) < (]>Ts d - ji‘| <U(1C>T9+LL)L < q.>T§ ‘|
. (i >Ts 0 dy ‘ - <Zd>Tﬁ
d{uge . Udc
c jit L =dy <Zd>T,,. + d; <Zq>Ts - ;QLT'S

(6)
where (ig,d;, Eq) and (i, d;, E,) are the components of
ik, €f d;; in the d-axis and g-axis, respectively, and the trans-
formation process is as shown in Fig. A.2(a) in the appendix.
Because (6) contains both the dc signals and small signals, the
dc model can be determined when the dc signals in (6) are
extracted

RId = Ed — D:IUdc + wLIq

RIq = _D;(]dc - wLId (7)

Use = \/Ru Eala — R R(I} + 12).

Some coupled items in (6) make the controller design diffi-
cult; for example, the controller output d/;uq. is related to both
tq and 44, and Ey can lead to a surge in the ac current at the
same time if d; Uq. and d; ugq. start from zero; thus, to decouple
(6) and eliminate E;, the new controller outputs are redefined
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Fig. 2. Linear model of the three-phase VSR system.
as
1 / :
dj Eq dy (iq >T
" <udc>T§ = — , <udC>Ts +wl ] .
dq 0 dq - <'Ld>TS

(3)
By substituting (8) into (6), the state equations of the VSR
can be obtained as

<mm] le< >
. = Ude) T,
<Zq>T§ df]’ ‘
d{uwqe)p. . . Ude ),
c { (llf,>T§ = <“11E;{3T5 —dj <Zd>T§ — d;’ <Z‘1>T> _ ¢ EL)T'L'
9

Small-signal state equations of the VSR can be determined
when the dc signals in (9) are eliminated

i d!
A' = Ve n
ig dy

~ E; » n n
) Ude = Ud]c 1q — Iddd - quq'

(Lir +R)

(L + R)

(10)

(Ci+ 7

By using a Laplace transformation in (10) and assuming that
1, equals zero, the transfer function Gy, (s) from the active ac
current to the duty cycle, the transfer function Gy (s) from the
reactive ac current to the duty cycle, and the transfer function
Gpu(s) from the active ac current to the dc-link voltage can be
obtained as

__dgq(s) . 1/R
Gap(s) Udcldg(é) = TL/R

R 1C)) _ /R
Glq(s) Used] (s) — 1+sL/R

Eq—RIy 1-sLly/(Eq—RIq)
1“(21

- ) s L RITYC
Udc R'L+Ujr I+sC/{ 77 +U§c
(11

The dual-loop control strategy is used in the VSR system,
where the dc-link voltage is controlled by the outer loop and
the ac current is controlled by the inner loop. Proportional-
integral controllers are used in the system, including the outer-
loop controller G, (s), the inner-loop controller of the active
current G, (s), and the inner-loop controller of the reactive
current G, (s); these controllers are described as

Gu (S) = Kpu + Kiu/S
Gy(s) = Kpp + Kip /s
Gq (S) = qu + Kiq/S.

12)

The linear model of the VSR system that is based on the
transfer functions is as shown in Fig. 2; its outer-loop and
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inner-loop transfer functions are described in
_ Gy (s)Gap (s)
{Gouter(s) =Gy (S)WGN (3) (13)
Ginner (5) = Gp (S)de (5) .

III. ANALYSIS OF THE RELATIONSHIPS BETWEEN THE STD
AND DETERIORATIONS

Three kinds of delays that are present in the VSR system are
shown in Fig. 3, which include sampling delay, one-sampling
period delay, and PWM delay. However, there is no need to
study every kind of delay. As shown in Fig. 3, the midpoint
voltage that is the terminal point of the control system would
not be changed if the total time of these delays remains the same,
and if the midpoint voltage remains the same, the state of the
system that is ultimately determined by the midpoint voltage
and grid voltages would not be changed as well, no matter
how intermediate variables of the control system are affected
by different delays. Thus, these delays can be replaced by the
STD that is equal to the total time of these delays to simplify
the analysis.

Because the STDs are present in different variables that are
generated in the primary circuit and are used in the control
system, three types of STDs are included in this paper: 1) the
STD-GYV, 2) the STD-ACC, and 3) the STD in the dc-link volt-
age (i.e., STD-DV). Different STDs lead to different types of
deteriorations in the VSR system.

A. Deteriorations Caused by the STD-GV

The variables in the dc model described by (7), such as Uy,
can easily be calculated when the VSR system is in a specific
steady state. However, when the system is undergoing a dy-
namic process, the trends of these variables are not intuitive.
For example, if E; experiences a sudden change during the
startup process, it is difficult to predetermine the trend of I,
based on the equation. Thus, vector graphics of the dc model
are required, which are more intuitive than equations. To draw
the vector graphics, (7) is transformed into a vector expression

€+ iu+irr =0

€= (Eq4,0)

U= (Ud> Uq) = <_D/dUdcv _D:]Udc)

ﬁLR = (ULRd, ULRq) = (wLIq — RId, —wLId — RIq)

(14)

where the vector coordinates are also provided, e is the grid
voltage vector, u is the reverse vector of the midpoint voltage of
the legs, which can be regulated by the control outputs D/, U,

and D; Uqgc, and up is the voltage vector of the inductor and
its winding resistance, whose magnitude can be determined by

Genl = VL2 R\ + 17 = VWP LT REJi] (15)

where i is the ac current vector, whose magnitude is proportional
to the magnitude of up .

Based on (14), the vector graphics shown below will be pro-
vided during the startup process, which is typically divided into
two stages.
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DC-link voltage
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Grid voltages start to be converted into
voltage signals through a sampling circuit.

AC currents start to be converted into
voltage signals through a sampling circuit.

DC-link voltage starts to be converted into
a voltage signal through a sampling circuit.
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Fig. 3. Different kinds of delays that are present in the VSR system.

q-axis

e
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Vector graphics of the dc model during the first stage.

Fig. 4.

1) First Stage: The switching signals are kept at a low level
during this stage; thus, the switches are always OFF when their
antiparallel diodes operate, which indicates that u cannot be
controlled by D/, Uy, and D; Uy, but is determined by e and
urr based on (14), and e and ur are determined by the power
grid and system load, respectively. The vector graphics of the
dc model during the first stage are shown in Fig. 4 based on the
relationships between these vectors.

The left graphic in Fig. 4 is based on the d-g coordinate
system, where the vector components in the d- or g-axis can
be easily determined. The right graphic is a simplification of
the left graphic, where the relationships between the vectors are
more intuitively.

2) Second Stage: The switches begin to operate during this
stage, which indicates that u can be controlled by D/,Uq. and
D; Uqc. Furthermore, e is still determined by the power grid,
but ur,g will be determined by u and e at this point. If the
STD-GV were not present, these vectors would not change,
and the corresponding vector graphics would be the same as
those in Fig. 4 at the initial point of the second stage. However,
these vector graphics are no longer applicable because the actual
presence of the STD-GV makes the grid voltage vector in the
control system different from that in the primary circuit.

To revise the vector graphics, the grid voltage vector in the
control system is redefined as e”; its length is equal to e based
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Fig. 5. Magnitude of ¢ when f. and Tsrp-gv are different.

on the conclusion that is shown in the appendix. The included
angle, or the phase delay angle between e and e, is defined as
@, which can be described as

¢ =2mfo - TsTtp-GV (16)

where f; is the frequency of the power grid, TsTp-gv is the
value of the STD-GV, and & is proportional to Tstp-¢v and
fo. The derivation of (16) is provided in the appendix. Based on
(16), a quadric surface is used to describe the value of ® when
the parameters in (16) are different, as shown in Fig. 5.

In Fig. 5, ® increases rapidly when f; and Tstp-gv increase;
for example, ® increases from 18° to 144° when f; increases
from 50 to 400 Hz and T51p-gv equals 1 ms; thus, ¢ cannot be
neglected in the VSR system. The revised vector graphics when
® is introduced into the dc model are shown in Fig. 6.

In the left graphic of Fig. 6, the d” — ¢ coordinate system is
defined in the control system, where the direction of the dP-axis
is the same as that of eP; the d-g coordinate system is defined in
the primary circuit, where the direction of the d-axis is the same
as that of e; thus, a phase delay angle that equals ® is present
between the d” — ¢” coordinate system and d-g coordinate
system. In addition, u” equals u, and ur R is not related to e”
but is only determined by u and e. In the right graphic, the
magnitude of uLR delay increases when ® increases, and the
magnitude of i increases correspondingly based on (15), which
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Fig. 6. Vector graphics at the initial point of the second stage.
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(a) (b)
Fig. 7. Magnitude of i when the system parameters are different at the initial

point of the second stage: (a) TsTp-¢ v equals 1 ms, and fy and E; are different;
and (b) £ equals 380 V, and TsTp-gv and fy are different.

indicates that a surge has occurred in the ac current. When e
reaches e™, the magnitudes of ur r and i reach their maximum
values, and the surge in the ac current is most serious. Based on
the relationships between urr, i, and e, the magnitude of i can
be calculated as follows:

-

7

lizr| /\/ (woL)? + R?

&> + |a@|* — 2|é] || cos [¢ + arctan (uP/up)]
wiL? + R? '
a7
Because the system begins with an empty load, U, f’ and UqD

are nearly equal to F; and zero, respectively. As a result, (17)
can be simplified as

17‘ N Ed \/2 — 2COS(L¢)0TSTD_P(;\/) 2Ed
JRE TR R TR

(18)
where i equals zero when Tgrp-gv equals O ms and reaches
its maximum value when @ is near 180°. Two quadric surfaces
(see Fig. 7) are used to describe the magnitude of i when the
parameters in (18) are different; L and R are assumed to be 3
mH and 0.1 €2, respectively.

In Fig. 7, the magnitude of i increases rapidly when Ej, fi or
TsTp-gv increase. In Fig. 7(b), the magnitude of i can reach a
maximum value of 150 A when Tstp-gv equals 2 ms, f equals
50 Hz, and E4 equals 380 V.

Based on (7), Uj. is related to the magnitude of i, which
indicates that the dc-link voltage can be affected by the ac cur-
rent; thus, the relationship between Uy and Tgtp-gv can be
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Fig. 8. Linear model of the three-phase VSR system after introducing the
STD-ACC.

obtained as shown in (19) after substituting (18) into (7)

V2cos¢y/T — cosep ~ 2R(1 —cos¢)
VWIL? + R? wiL? + R?
(19)

Based on the analysis presented above, the STD-GV can result
in a rapid increase of the ac current during the startup process,
and an overshoot can also be present in the dc-link voltage at
the same time due to the effect of the ac current. Therefore, the
STD-GV should not be neglected in the VSR system.

Udc ~ RL Eg

B. Deteriorations Caused by the STD-ACC

Because the STD-ACC is present, i (i.e., the ac current vec-
tor) that is present in the control system also has a difference
compared with i that is present in the primary circuit. However,
this difference contains not only a phase delay that is present
between e and ¢”, but also an amplitude delay because the am-
plitude of i often changes during a dynamic process. Generally,
if these two kinds of delays are present at the same time, the
transform function of i in s-domain should be multiplied by a
transfer function, whose expression and magnitude-phase char-
acteristics can be described as

Gsrp-acc(s) = exp (—=Tstp-Accs)
Agrp-acc(f) = 20log |Gstp-acc(s)]—jory =0

180

20
psto-acc(f) = Targ[Gsto-acc(8)]s_jory (20)

= =27f-Tstp-ACC

where Tstp-acc 1s the value of the STD-ACC. When
Gstp-acc(s) is introduced into the linear model in Fig. 2,
the modified linear model can be obtained as shown in Fig. 8,
whose outer-loop and inner-loop transfer functions are described
in (21).

Because the cutoff frequency of the inner loop is far higher
than that of the outer loop, the outer-loop transfer function is
only slightly affected by the inner loop that the STD-ACC is
present; thus, the effects of the STD-ACC on the outer-loop
transfer function G, e, ($) can be neglected. In contrast, the cor-
responding effects on the inner-loop transfer function Giyper ()
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should be considered
dela; o G, (s)Gap(s)GsTp- (s)
Gouter (5) = Gu(8) 136, (514, (s)Gsrp-scc (57 Cou (5)
Gin¥ (s) = Gy (5)Gap(5)Gsrp-acc (s).
(21)
The cutoff frequencies of Giyner(s) and (s) are as-
sumed to be f.-jnner and fdeh’1y respectively, and the phase

c-inner?
. delay
margl(?s1 of Ginner(s) and G, > (s) are assumed to be Ye-inner
elay

l.
G.de ay

mner

and v, 7., respectively. Based on (13) and (21), the difference
between the magnitude—frequency characteristics of Gipper ()

delay
and Gj,, 7 (s) can be calculated as

201g

(delay (s) ‘

mner

= 20 lg |Ginner(8>‘s:j2ﬂ'f

s=j2m f
Gp(5)Gap(s)Gstp-acc(s)
Gy (s)Gayp(s) s=jorf

=20lg |GSTD-ACC(S)|5:j27r,f =0

=20lg (22)

lelay

where fe-inner iS equal to f;_inner because the magnitude—

and G°' () are the

frequency characteristics of Gipner(s) P

same.

Ystp-Acc is defined as the phase-margin decrease from
lay .

Ye-inner 10 Yosimy .., and can be determined as (23), based on

(13), (21) and (22)

__delay
YSTD-ACC = Ve—inner — Je—inner

180 |:G;)(5)de(5)GSTL)-ACC (s) (23)

— ——ar
T & G (5)Gap (s) $=727 fe—inner

= _27chfinner . TSTD-ACC

where vsTp-acc 1S proportional to Tstp-acc and fe-inner- A
quadric surface that is shown in Fig. 9 is used to describe the
value of ysrp-acc when Tstp-acc and fe-jnner are different.
As shown in Fig. 3, Tstp-acc is approximately equal to 1.5—
3 times the length of switching period; thus, TsTp-acc can be
greater than 1 ms and lead to alarge phase-margin decrease when
the system operates with low switching frequency. In contrast,
Tstp-acc can be smaller than 0.1 ms and lead to a small phase-
margin decrease when the system operates with high switching
frequency. For example, the switching frequencies of the VSR
system are assumed as 2, 5, and 20 kHz, respectively; fo-inner are
both assumed as 500 Hz; ,.-inne; 1S generally equal to 90°. Thus,
Tstp-Acc are approximately equal to 1, 0.4, and 0.1 ms if they
both equal 1.5 times the length of switching period, ysTp-acc
are equal to —180°, —72°, and —18°, as shown in Fig. 9, and
the actual phase margins 7Y are equal to are —90°, 18°, and
72°, respectively. As aresult, the system of 2 kHz is unstable; the
system of 5 kHz is stable but does not satisfy the requirement of
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system stability; and the system of 20 kHz is stable and satisfies
the requirement of system stability.

Based on the analysis presented above, the STD-ACC can lead
to a large phase-margin decrease in the inner loop, which can
deteriorate system stability. Therefore, the STD-ACC should
not be neglected in the VSR system.

It should be noted that of these STDs, the STD-DV can be
neglected because the regulating time of the dc-link voltage is
far greater than the value of the STD-DV.

IV. MEASUREMENT AND COMPENSATION FOR THE STD
A. Measurement Method for the STD

The revised definition of the voltage overshoot should be first
provided in this part. The previous definition of the overshoot
is the difference voltage between the peak and reference value
when the dc-link voltage is regulated by the control system.
However, the voltage is out of control when the system operates
in an open-loop mode, and is out of control as well at the
beginning of the startup process due to the effect of the STD-
GV when the system operates in a close-loop mode, and because
the dc-link voltage cannot reach the reference value that is set by
the controller when it is out of control, the overshoot is redefined
in this paper as the difference voltage between the initial and
peak value when the system operates in an open-loop mode or
works during the first several switching period in a closed-loop
mode.

To mitigate deteriorations caused by the STD, the value
of the STD should be measured at the first. As shown in Fig. 3,
the value of the STD are approximately equal to 1.5-3 times
the Iength of switching period, and Tstp-¢v can be assumed to
be equal to TsTp-acc because delays in the grid voltages are
similar to those in the ac currents. However, this value of the
STD is not sufficiently precise to satisfy the requirement of
compensation methods; thus, a novel method is proposed in this
paper to achieve precise values of Tstp-gv and Tstp-acc.-
This method is based on the phenomenon mentioned in Section
III that the STD-GV can cause an overshoot of the dc-link volt-
age. However, when the system operates in a closed-loop mode,
this overshoot cannot reach its maximum value due to the reg-
ulation of the controller. As a result, the overshot is related to
not only Tsp-gv but also the regulating time of the controller.
To make the overshoot reach its maximum value and avoid the
effect of the controller, the system is set to operate in an open-
loop mode where the controller outputs Dg U and D; Ug. are
directly set as F; and zero, respectively. As a result, Uy, is only
linearly related to Tstp-gv based on (19), and Tgrp-gv can be
calculated when (19) is transformed into (24) in which Uy, is a
known quality and Tstp-gv is an unknown quantity

az® +bx* —ax +c=0

x=+/1—cos2mfy - TsTp-PCQV

V2 _ __2R c = Ui
(wL)*+R?’ (wL)*+R?’ RLEG"

(24)

a =
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TsTp-gv can be obtained by (25) when Uy, has been mea-
sured and (24) is solved by MATLAB

Tstp-cv=Tstp-Acc= arccos(1 — x?) /27 fy. (25)

B. Compensation Method for the STD-GV

To eliminate the deteriorations that are caused by the STD-
GV, a new compensation method is proposed. The analysis in
Section IIT has showed that the root cause of these deteriorations
is the phase delay angle ®, which is present in 84°'® (i.e., the
angle between e” and the a-axis). Furthermore, #4°'% is used
in the d-q inverse transform that determines the PWM reference
and midpoint voltage of the legs; thus, compensating #9¢ay
for ® is required in this transform, whose expression without
compensation can be described as

“gday cosfdeldy  _ginpdelay uf 26)
ugclay o singdelay cosfdelay 5) ’

Because @ is also the difference angle between §9°'*Y and
the actual phase angle 6 based on (A.12) in the appendix, the

compensated d-q inverse transform can be described as (27)
after substituting 6 for §4°¢12¥

U,

Uq cos) —sinf | [uf
lm] - Lin@ cost ] [u?]
_ [Coswdelay +6) —sin(6" 4 g) ué’] @
sin(@delay + 9) cos(@delay + 9) qu

C. Compensation Method for the STD-ACC

The analysis that was presented in Section III shows that the
STD-ACC can lead to system instability when f, is high. Gen-
erally, the system stability can be improved by decreasing f.;
however, this decrease can lead to a poor dynamic performance
if TsTp-Acc is great. To avoid this problem, a new method of
compensating for the STD-ACC is proposed, in which a phase
advance corrector is introduced to provide an advance phase for
the system. The corrector’s transfer function and its magnitude-
phase characteristics can be described as (28), where « varies
from zero to 1, k. is a coefficient to make A.(f) equal to zero
when f equals 1/(27+/aT), which ensures that the amplitude
of the input signal is not changed by the corrector, and ¢.(f)
reaches its maximum value when f equals 1/(27+/aT); thus, the
corrector can provide an advance phase for the system, whose
cutoff frequency equals 1/(2m+/aT)

1+Ts

{AC (f) = 20lgke\/1+ L EEE) > 0
¢ (f) = arctan 27 f - (1 — )T < arctany/a(1 — ).
(28)
Because A, (f) is always greater than zero based on (28), this
corrector has the disadvantage of having a positive gain that
covers the full band. As a result, the corrector can amplify har-
monics of the ac current, which leads to deterioration in power
quality; thus, a second-order bandpass filter is used to avoid
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Fig. 10. Diagram of the three-phase VSR system with compensations for the
STD-GV and STD-ACC.

this deterioration, which can extract a specific frequency com-
ponent and decrease other frequency components of the signal
when it is located before the corrector. When the combination
of the corrector and filter is used in the compensation method,
its function can be described as

G (s) = Ay - 2TAf - s
FROL = (s +27Af - s+ 27 fy)
The parameters in (29) can be configured as

Ao =1, Af=1/10- fy

k. (1+Ts)
1+aTls

(29)

_ 1-singapv

= T simdapy

__|1+aTs
kc - ’ 14+Ts

_ 1
T=vawm 5227 feminner
where ®Apy is determined by (31), which indicates that the
compensation for the STD-ACC should satisfy the requirement
of the inner-loop phase margin

180

e (G (5)Gap (5)Grre ()] jon s, = 45° (D

Based on (31), the system stability is improved due to the
increase of the inner-loop phase margin.

Fig. 10 presents a diagram of the VSR system including com-
pensations for the STD-GV and STD-ACC.

V. SIMULATION AND EXPERIMENTAL RESULTS
A. Simulation

A simulation model of the VSR system was constructed us-
ing the PLECS software. The parameters that were used in the
simulation include a switching frequency of 5 kHz, a grid volt-
age amplitude of 58 V, a dc-link voltage reference of 130 V,
an inductor L of 3 mH with a winding resistance of 0.1 €2, a
filter capacitor C of 6800 uF, K}, and K, of the inner-loop
regulator are equal to 1.5 and 0.01, respectively, K, and Kj,
of the outer-loop regulator are equal to 10 and 0.01, respec-
tively, and Tstp-qgv and Tstp-acc are both set to 0, 0.5, and
1 ms in subsequent simulations. The system operates in the first
stage before 0.1 s when the switches are always OFF and their
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Fig. 11.  Waveforms of the dc-link voltages with different TsTp-gy during

the startup process.

antiparallel diodes operate, and steps into the second stage after
0.1 s when the switches begin to operate. The system starts with
no load and works at a load of 20 €2 (i.e., the output power of
420 W) in a closed-loop mode, and works with empty load in
an open-loop mode.

1) Comparison of the DC-Link Voltages With Different
Tstp-gv in an Open-Loop Mode: Fig. 11 shows the system
when it operates in an open-loop mode in which the controller
outputs DUy, and D;Uq. are set to Ey and zero, respec-
tively. The overshoot is not present in the dc-link voltage when
Tstp-¢v equals O ms. However, the overshoots reach 65 and
130 V when Tgrp-gv reach 0.5 and 1 ms, respectively; thus,
these simulation results verify the conclusions that were pre-
sented above: 1) the STD-GV causes an overshoot in the dc-
link voltage, and 2) the amplitudes of the voltage overshoots are
related to Tstp-cv .-

2) Comparison of the Voltages and Currents With Different
Tstp-gv in a Closed-Loop Mode: Fig. 12 shows the system
when it operates in a closed-loop mode in which the stable am-
plitude of the dc-link voltage is 130 V. As shown in Fig. 12(a),
the overshoot is not present in the dc-link voltage and the cor-
responding current surge is 3 A when Tgtp-gv equals O ms.
However, the overshoots reach 15 and 36 V and the correspond-
ing current surges are 12 and 24 A, respectively when Tsrp-gv
reach 0.5 and 1 ms, which are shown in Fig. 12(b) and (c), and all
of these overshoots in Fig. 12 are smaller than those in Fig. 11
due to the regulation of the controller; thus, these simulation
results verify the conclusions that were presented above: 1) the
STD-GYV causes an overshoot in the dec-link voltage and a surge
in the ac current, 2) the amplitudes of the voltage overshoots
and current surges are related to Tstp-gv, and 3) the voltage
overshoot in an open-loop mode is far higher than that in a
closed-loop mode.

Fig. 12(d) and (e) shows the system when it operates with
compensation for the STD-GV, in which Tgrp-accare equal
to 0.5 and 1 ms, respectively. As shown in Fig. 12(d) and (e),
the maximum amplitudes of the ac currents are both equal to 4
A, which are a little higher than that in Fig. 12(a). The voltage
overshoots are not present at the same time; thus, the startup
process is significantly smoother than before with compensa-
tion for the STD-GV. These simulation results verify that the
compensation method can effectively mitigate the deteriorations
that are caused by the STD-GV.

3) Comparison of the AC Currents With Different Tgtp-acc
in a Closed-Loop Mode: Fig. 13 shows the system when it
operates in a closed-loop mode in which the output power is
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Fig. 12.  Waveforms of the dc-link voltages and ac currents with different
TsTp-gv during the startup process: (a) Tstp-gv equals 0, (b) Tstp-gv
equals 0.5 ms, (¢) TsTp-gv equals 1 ms, (d) TsTp-gv equals 0.5 ms with
compensation for the STD-GV, and (d) Tstp-gv equals 1 ms with compensa-
tion for the STD-GV.

equal to 840 W. K, of the inner loop is set to 7 to make the
cutoff frequency of the inner loop increase to 400 Hz, and the
actual phase margin of the inner loop are 90°, 18°, and —54°
when Tstp-acc are equal to 0, 0.5, and 1 ms, respectively.

As shown in Fig. 13(a), the THDs of the ac currents are about
2.1% when TsTp-acc is equal to zero. However, the ac currents
are slightly distorted and the corresponding THDs reach 9.0%
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Fig. 13.  Waveforms of the ac currents with different Tstp-acc with the
output power of 840 W: (a) Tstp-acc equals 0, (b) TsTp-acc equals 0.5 ms,
(¢c) Tstp-gv equals 1 ms, (d) Tstp-acc equals 0.5 ms with compensation
for the STD-ACC, and (e) TsTp-acc equals 1 ms with compensation for the
STD-ACC.

when Tstp-acc are equal to 0.5 ms, which is as shown in
Fig. 13(b). Furthermore, the ac currents are badly distorted and
the system is unstable when Tstp-acc reaches 1 ms, which
is shown in Fig. 13(c); thus, the simulation results verify the
conclusion that was presented above: the STD-ACC produces
system instability.

Fig. 13(d) and (e) shows the system when it operates without
the compensation before 0.5 s and with the compensation after
0.5s,in which Tgrp-acc are equal to 0.5 and 1 ms, respectively.
The ac currents are slightly distorted before 0.5 s but not dis-
torted after 0.5 s, which is shown in Fig. 13(d). Furthermore, the
ac currents are badly distorted before 0.5 s and go back to nor-
mal after 0.5 s, which is shown in Fig. 13(e). These simulation
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results verify that the compensation method can effectively im-
prove system stability that is deteriorated by the STD-ACC.

B. Experimental Results

The experiments in this study are performed using a three-
phase VSR system, which is shown in Fig. 14. The experimental
parameters are set to the same as those in the simulations. It
should be noted that the STD in the experiments has a fixed value
that is required to be measured and cannot be set to the same
value that is used in the simulations; thus, only the waveforms
of the voltages and currents with a fixed value of the STD are
provided in the experiments.

1) Measurement of the STD Value in an Open-Loop Mode:
Fig. 15 shows the system when it operates in an open-loop mode
in which the controller outputs DUy, and Dy Uq. are set to £
and zero, respectively. As shown in Fig. 15, the dc-link voltage
is 160 V due to the effect of the STD; thus, the value of the STD
is equal to 0.5 ms based on (24).

2) Comparison of the Voltages and Currents With and With-
out Compensation for the STD-GV in a Closed-Loop Mode:
Fig. 16(a) shows the system when it operates without com-
pensation for the STD-GV in a closed-loop mode. As shown
in Fig. 12(a) that is presented above, the maximum amplitude
of the ac currents is equal to 3 A during the startup process
when the TgTp-gv is equal to zero. However, the maximum
amplitude is equal to 12 A as shown in Fig. 16(a), which is
three times greater than that in Fig. 12(a); thus, a serious surge
that is caused by the STD-GV is present in the ac currents in
Fig. 16(a). The dc-link voltage reaches 115 V in only 0.05 s at
the same time, which indicates that an overshoot of 15 V also be
present in the dc-link voltage during the startup process. These
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is equal to 0.5 ms during the startup process: (a) Without compensation for the
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experimental results verify the conclusion that was presented
above: a current surge and voltage overshoot will occur during
the startup process because of the effects of the STD-GV.

Fig. 16(b) shows the system when it operates with compen-
sation for the STD-GV in a closed-loop mode. As shown in
Fig. 16(b), the maximum amplitude of the ac currents is equal
to 3 A, which is approximately equal to that in Fig. 12(a). The
voltage overshoot is not present with compensation for the STD-
GV at the same time; thus, the startup process is significantly
smoother than before with compensation for the STD-GV. These
experimental results verify that the compensation method can
effectively mitigate the deteriorations that are caused by the
STD-GV.

3) Comparison of the AC Currents With and Without Com-
pensation for the STD-ACC in a Closed-Loop Mode: Fig. 17
shows the system when it operates in a closed-loop mode, in
which the output power is 820 W. To make the experiments
the same as the simulations, K, of the inner loop is also set
to 7 to make the cutoff frequency of the inner loop increases
to 400 Hz; thus, the phase margin decrease and actual phase
margin are —72° and 18° when Tstp-acc is equal to 0.5 ms,
which indicates that system stability is deteriorated. As shown
in Fig. 17(a), the ac currents are distorted and the correspond-
ing THD is 8.3%, which is higher than the requirements of the
power quality. These experimental results verify the conclusion
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that was presented above: the STD-ACC can deteriorate system
stability.

Fig. 17(b) shows the system when it operates without the
compensation before 0.5 s and with the compensation after 0.5 s
when Tstp-acc is equal to 0.5 ms. As shown in Fig. 17(b), the
ac currents are distorted before 0.5 s but go back to normal after
0.5 s, where the corresponding THD is 2.5%. These experimen-
tal results verify that the compensation method can effectively
improve system stability that is deteriorated by the STD-ACC.

VI. CONCLUSION

Three conclusions can be obtained from this study.

1 The STD-GV produces a difference in the grid voltage
between the control system and primary circuit, which
leads to a surge in the ac current and an overshoot in the
dc-link voltage during the startup process.

2 The STD-ACC produces a difference in the ac current
between the control system and the primary circuit, which
decreases the system stability.

3 The simulation and experimental results demonstrate that
the proposed methods of measurement and compensation
can effectively mitigate these deteriorations and provide
excellent optimization for the performance of a three-phase
VSR system.

APPENDIX

Two steps are required to derive (16): 1) the phase delay angle
in a single phase must be shown to be the same as (16), and 2)
the included angle between e and e” must be shown to be the
same as (16).
1. First Step: Taking the grid voltage in phase A as an
example, its expression e, can be assumed as

e, (t) = F sinwyt €))
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where wy (rad/s) is the angle frequency of e,, and E is the
amplitude of e,. The waveform of e, is as shown in Fig. A.1.

If the STD-GV is present, e2¢'% in the control system cannot
be the same as e, in the primary circuit; thus, the expression of
edelay is assumed as

edelay (1) = E sin (wot — ¢) (2)

where ¢ is the phase difference between el and e,. The
waveforms of egel‘dy based on (A.2) is also shown in Fig. A.1,
which clearly illustrates the relationship between €1/ and e, .

As shown in Fig. A.1, the value of el°!% after Tsp-qv is
the same as that of ¢,, which can be described as

ea(t) = E sinwgt = €3 (t + Tsrp-qv)

= Esin[wg (t + Tstp-cv) — @] 3)

= Esin [wot + (woTsTD-0v — ¢)] -

Based on (A.3), (A.4) can be determined as
E sinwyt = E sin [wot + (woTsTp-6v — )] - )

Regardless of the value of ¢, (A.4) is permanent; thus, (A.5))
should be true
WOTSTD-GV - d) = 0,:&27T,ﬂ:47T,ﬂ:67r.... (5)
Because Ts1p-gv is not very large, the expression of ¢ can
be determined as
¢ = woTstp-6v = 27 fo - TsTD-GV - (6)
Based on (A.6), ¢ can also be defined as the phase delay angle
between ejd"ly and e,, and its expression is the same as (16);
thus, the first step is completed.

1. Second Step: In Section I, ¢ is only present in a single
phase. However, when three-phase grid voltages e, , ), and e,
and their delay forms ed¢!ay egelay, and €13 are transformed
into the vectors e and e” in the d-g coordinate system, respec-
tively, it is uncertain whether the included angle between e and
el is the same as ¢; thus, the second step of the derivation is to

verify that the included angle between e and e” is the same as
¢, which is shown below.

delay
€y °

cgelay
J L delay
p

0 €

Fig. A.2. Transformation of coordinates: (a) From a-b
systems, and (b) from a-b-c to d”-gP coordinate systems.

delay

€4 _I-dclay
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€
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The expressions of e,,e,, and e. and their delay forms

ay _dela :
edelay e “and e1°1%Y are assumed as

e, FE sinwgt
e | = | Esin(wot — 27/3)

Lec E sin (wot + 27/3)
edelay E sin (wot — ¢)
egemy = | E sin (wot — 27/3 —
edelay E sin (wot + 271/3 —

(N

?)
9)

To simplify the control of the VSR system, e,, e, and e,

and edelay egday, and ¢ in the a-b-c coordinate system
are transformed into e in the d-g coordinate system and e” in
the d”-gP coordinate system, respectively; these processes are
shown in Fig. A.2 (a) and (b), respectively.

The three transformation matrixes Tabe/a3%> Tas7V/dqo> and

Ti;l?/ 4q0 in Fig. A2 (a) and (b) are described as

1 ~1/2

Tabc/a@’y = \/g 0 \/3/2
1/vV2 1/V2

—-1/2
f\/§/2
1/v2

cost sinf (8)
Ta 3 =
B /dgo .
—sinf  cosf
Cosedelay Sinedelay
delay _
aBy/dgo _Sinedelay Cosedelay
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Thus, e, and e can be obtained as shown in (A.9), and el

and edelaV can be obtained as shown in (A.10)
Ca FE sinwgt
€ | = Tupejapy | B sin(wot —27/3)
0 E sin (wot + 27/3)
sinwyt
= \/EE coswot] )
edelay E sin (wyt —
egday = Tupe/apy | B sin(wot — 27r/3 o)
0 E sin (wot + 27/3 — ¢)
sin (wot — @)
= iE —cos (wyt — @) (10)
0

In Fig. A.2(a), 0 is the included angle between e and a-axis,
which can be obtained as shown in (A.11) based on (A.9). In
Fig. A.2(b), #4°'®Y is the included angle between e” and the
«-axis, which can be obtained as shown in (A.12) based on (10)

es —+\/3/2FEcoswyt
0 = arctan—2 — arctan#

€a \/ 3/2E Sinth

= wot—7/2 an
delay
. e —/3/2F t—
gaelay — arctanig o = arctan /2Ecos (wot — ¢)
ea’ ™ V/3/2FE sin (wot — ¢)
= (wot — @) — /2. (12)
Thus, the included angle between e and e” can be obtained

as

g—gh = =0-— edelay = (ZS = 27Tf(] . TSTD-GV~ (13)

Equation (A.13) demonstrates that the included angle be-
tween e and ¢ is the same as ¢; thus, the second step is com-
pleted, and (16) in this paper is true.

Furthermore, the expressions of e and e” can be obtained
as shown in (A.14) and (A.15) based on (A.11) and (A.12),
respectively; thus, the length of ¢ and e are the same

. €d €a 3
&= = T /dgo =\/3E (14)
€q €s
delay delay
D €4 delay €a _ §E 15)
- delay afy/dqo | delay | — \[ 9 .
e : &
q 8
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