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voltage

Abstract. In recent years there have been many strategies proposed such as proportional plus resonant P-R controllers both in the stationary and in
the synchronous reference frame that demonstrate grid-connected converter performance can be improved under non-ideal supply conditions such
as supply asymmetry and supply voltage distortion. However, when employed in systems with high frequency variability such as micro-grids, the
synchronization method required for operation in the synchronous reference frame or for dynamic retuning of the resonant controller may experience
poor performance. A method is presented here based on CPC current decomposition that allows control of grid connected converters without direct
supply synchronization and that is also suitable for operation under distorted and asymmetrical supply voltage conditions.

Streszczenie. W ostatnich latach zaproponowano wiele metod poprawy wydajno$ci przeksztattnikéw czestotliwo$ci w warunkach nieidealnego
zasilania, w obecno$ci asymetrii i zaktocen. Jedng z nich z nich jest uzycie proporcjonalnych i rezonansowych kontroleréow P-R, pracujgcych w
stacjonarnych i synchronicznych wspétrzednych odniesienia. Niestety, takie kontrolery pracujgce w warunkach duzej zmienno$ci czestotliwosci,
ktéra moze pojawia¢ sie w mikro-sieciach, z powodu potrzebnej synchronizacji wspoétrzednych odniesienia lub dynamicznego przestrajania
kontrolera rezonansowego, moga nie pracowac¢ zadawalajgco. W artykule zaproponowano metode opartg na rozktadzie pradéw wedtug teorii CPC,
ktéra pozwala sterowac przeksztaftniki czestotliwosci bez bezposredniej synchronizacji zrédet i nadajacq sie rowniez do stosowania w obecnosci
odksztafcen i asymetrii napiecia zasilania. (Sterowanie przeksztaftnikiem czestotliwosci oparte na rozkiadzie pradéw wedfug teorii CPC w

uktadach z nieidealnym zrédfami zasilania)

Keywords: voltage-source converters, supply synchronization, VSC control.
Stowa kluczowe: napieciowe przeksztattniki czgstotliwosci, synchronizacja zrodet zasilania, sterowanie VSC.

Introduction

In recent years much attention has been given to
proportional plus resonant controllers for voltage source
converter (VSC) applications due to performance
advantages over Pl control [1]-[4]. Many strategies have
been proposed for use of P-R controllers both in the
stationary and in the synchronous reference frame that
demonstrate converter performance can be improved under
non-ideal supply conditions such as supply asymmetry and
supply voltage distortion. However, when employed in
systems with high frequency variability such as micro-grids,
performance of the synchronization method required for
operation must be considered.
In [5] a control method was introduced that does not require
direct supply synchronization. However, only frequency
variation was considered and results were shown only for
VSC based rectifier application. Here the analysis is
extended for systems with non-ideal supply voltage
including asymmetry and voltage distortion in addition to
high supply voltage frequency variation and a reference
signal generator is proposed for such conditions.

CPC reference generator without supply voltage
synchronization

A CPC based reference signal generator that does not
require direct supply synchronization was presented in [6]
for systems with small frequency deviations. Analysis was
performed for systems with large frequency variation and
the method was extended for a limited case in [5]. Here the
effect of frequency variation is considered for all possible
CPC components at the fundamental frequency.
A CPC reference signal can be based on an efficient
recursive discrete Fourier Transform (RDFT) algorithm for
computing fundamental components of the measured
quantities, a CPC based current decomposition algorithm
used to provide separate control of orthogonal current
components, and a current reconstruction algorithm to
obtain the final reference current [6]. The behavior of each
of these three basic reference signal generator subsystems
must be analyzed for frequency variation in order to develop
a CPC based control without supply synchronization. The
results of frequency variation on the RDFT presented in [5]
are summarized briefly once again here for completeness.

a. Frequency Variation Effect on RDFT

With the moving-window approach a computationally
efficient recursive expression for the DFT can be obtained
[7, 8]. To avoid accumulation of errors caused by
multiplication rounding, the following expression

X, (k) = Re{X, (k)} + j Im{X, (k)}
(1) =[Re{X, (k—1)} + P(k)— P(k—N)]
+jIm{X, (k=1)} + O(k) - O(k — N)]

was developed in [6], where

(2) P(k) :%x(k) cosa k ,

NG

(3) P(k—N):sz(k—N)cosa)lgk,

4) o(k) :%x(k)sin o,k , and

N

(5) Q(k—N):sz(k—N)sina)lgk.

An error in the output of the RDFT occurs when the
frequency of the input signal deviates from the nominal
frequency generated in the converter control w;,. That
error is the main source of concern for systems with high
frequency variability. If the input signal frequency is
changed by an amount of Aw, while the sampling clock
frequency remains fixed, then the estimated output will
contain some errors.

In order to analyze the effects of the error without losing
generality, assume that the input signal is a pure sinusoid

(6) x=+24 sin[(@,, +Aw)t +¢] ,

where, ®;,, generated by the implementation device, is
equal to the nominal frequency of the power system and
Aw expresses the frequency drift. The discrete output of
(1), in this case, becomes
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Re{X;(k)} = y Asin[(2m;4 + Aw)k -5 +¢]
+ AAsin[(Awk) -5 + @]

Im{X, (k)} = y Acos[2amn, + Ak =5+ ]’
—AAcos[(Awk) -6 + @]

()

_ sind

where §=M, y= and ﬂ:ﬂ.
g 2r+0 1)

If the frequency of measured signal x drifts from its nominal
frequency w;, by Aw, then the estimated outputs of the
RDFT will involve two frequency components. The first one
is a high frequency component. Its frequency is around two
times of w,;, with the amplitude of y4. The second one is a
low frequency component that mainly determines the
features and precisions of the estimated outputs. The
estimated magnitude and phase of the measured signal,
without considering the effects of the high frequency
components, can be written as

8) | X, (k)| =y(Re{X,(k)})? +(Im{X, (k)})* = A4
and

9) Phasez—%+(Aa)k)—5+(p=A(P(k)"‘(ﬂ_%-

In order to use the RDFT with fixed reference frequency
w,, for VSC control, the magnitudes of the error factors y
and A must be within an acceptable level. In order to
evaluate these two error factors, Fig. 1 gives the relations of
Y (Ao/m,) and AMAw/m1g).

0.08
0.06 ry =
0.04
0.02

0

0.98
0.96

0.94
0

Fig. 1. y(Aw/ @) and MA@/ @,,) .

b. Frequency variation effect on CPC based current
decomposition

An orthogonal decomposition appropriate for most grid-
connected VSC applications is provided by the CPC theory
[9]. For sinusoidal conditions, current can be decomposed
into active, reactive and unbalanced components. In order
to perform this decomposition the system, as seen from the
point of measurement, is expressed in terms of two
admittances, the equivalent admittance and the unbalanced
admittance. The equivalent admittance is expressed as

(10) I]e:Ge+jBe:YRS+YST+YTR‘
The unbalanced admittance is
(11)

where =1€""® and a*=1e7"?”". Having these admittances
the three-phase current vector can be decomposed into
mutually orthogonal components as

A=|Ale” =—(Yg +a¥, +a'Vy)

(12) i=[iy ig i) =i, +i, +i,.

As shown in [10] the actual admittances at the point of
measurement do not need to be known. The value of these
admittances can change as the N-sample moving window
of the RDFT advances. Therefore, the admittances are

considered as time varying quantities denoted by the ~
symbol. Having these two admittances the time varying
equivalent admittance is given by

l
~q

L 1
Y;:Ge+jBe:YST+ TR:~S + =t
Uy Uy

(13)

and the time varying unbalanced admittance is given by

(14)  A=|d|e” =~(¥;, +a¥,,).

A main advantage can now be seen with regard to the
phase error, Ap(k), introduced by frequency deviation error
of the RDFT. Note that the phase error will be canceled in
the admittances calculation since Ag(k) exists in both
phase expressions for the voltage and current, thus, their
difference will exclude the phase error Ag(k). Therefore,
only a small error will be introduced in the magnitude of the
admittance calculations due to the magnitude error factor 4.

c. Effect on current reference signal

The time varying equivalent and unbalanced
admittances can be used to generate current reference
signals. A three-wire system is assumed so that only two
phases are needed. With the time varying equivalent and
unbalanced admittances, current components can be
generated as shown in [6] with expression

(15) z:Ra =\/EGE Re{lzR}cosa)lgk—Im{(ZR}s?na)lgk
ig, Re{U}cos o k—Im{Us}sin o, k

for active current in phases R and S,

(16) Ip _ 2B —Re{lzk}sina)]gk—Im{lzk}cosa)lgk
i, ‘| —Re{Ug}sine, k —Im{U}cos o, k

for the reactive currents, and

(17)

i | N (Re{4}Re{U, } —Im{A} Im{U,})cos &, k
7| Re{A}Re{U, } ~Im{A} Im{U, }) cos @, k

lSu

~ (Re{A} Im{U,} +Im{A}Re{U,})sin @, k
(Re{A} Im{U, } +Im{4A}Re{U,})sin o, &

for the unbalanced currents.

Unfortunately, even though the calculated values of Ge,
Be, and A have negligible error even for large frequency
deviations, the CRMS values of the voltages computed by
the RDFT have a non-negligible phase error. Because the
RDFT calculation of the measured voltage contains a phase
error given by (9) the reference currents generated by the
current reconstruction algorithm will also contain a phase
error. However, unlike the voltage phase error, the current
phase error does not vary in time. This can be seen by
applying (7) to the expression for current (15). For phase R
this gives the expression

irg =~2G, AU sin[(Awk) - & + p]cos ] gk
+ \/EGEAU cos[(Awk)— 6 + @]sin a)lgk .
= \/EGEAU sin[o gk + Awk -5+ ¢]

(18)

Similarly, for reactive current phase R we obtain
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ip, = —x/EE’e/iU sin[(Awk) -6 + @lsinw; gk

(19) +x/55’eﬁ,U cos[(Awk)— 0 + p]cos a)lgk.

= ﬁf;e,w cos[@y gk + Awk +6 + ¢]
Finally, the unbalanced current is

Re{A}sin(wy k + Awk -5 + )
(20) g, =~2AU g

+Im{A4} cos(@y gk +Awk +6 + @) .

Thus, the reference current has the same frequency as
the voltage, w;; + Aw, but each component contains a
phase error equal to J. This introduces a phase shift in the
reference generator output relative to the desired phase
setting. However, the CPC equivalent admittance computed
at the measurement terminals is computed correctly due to
cancellation of the phase error in the admittances
calculation. Fortunately, the correct phase of the
admittances allows the correction of the reference current
phase error.

Reference signal generator

A generalized reference generator (RSG) that allows
compensation applications in addition to active rectification
under non-ideal supply voltage and frequency variation is
presented here. As in [6], in order to provide flexibility of the
compensation objectives the current control reference
signal is expressed as a linear form

£

(21) j = KriMrl +KuiMu1 +KhiMh +iCa )

where K,, K, and K, are scaling coefficients of the reactive,
unbalanced and harmonic components respectively and
current measurement input of the reference generator is
denoted as i), Also, only the equivalent conductance of the
fundamental is computed and not the equivalent con-
ductance. Therefore, in cases where voltage distortion is
present the supply current RMS value will always be higher
than its minimum due to the presence of scattered current.
However, the supply current will be sinusoidal if K;,=1.

One condition of the non-ideal supply considered here is
asymmetry. In the case that the supply is asymmetrical,
voltage sequence must be separated in order for
unbalanced current to have meaning. In order for the
converter to inject or draw balanced currents, only positive-

sequence voltage is used by the reference signal generator.
Thus, active component of the converter, éc,, is equal to

“ulN ” "
neN,
2
Hulp ”

where Pp is power drawn by any DC load connected to the
DC bus of the converter and AP, are losses of the
converter. Superscripts ‘P’ and ‘N denote positive and
negative sequences respectively. Active component of the
converter is adjusted by the DC bus voltage control as
needed to satisfy the power balance. A simplified block
diagram of the reference signal generation strategy is
shown in Fig. 2.

A main feature of this RSG as compared with that in [5]
is the use of voltage positive sequence as well as the
additional RDFT and CPC based current decomposition
that allows removal of the phase error present in
expressions (18) - (20). This second set, shown in the
dashed box, provides a correct value of the equivalent and
unbalanced admittances that can be used to correct the
phase error in the current. The addition of a control loop to
force B, and A equal to the desired set-points will remove
the phase error introduced into the current reconstruction
algorithm by the RDFT of the measured supply voltage.

N
PDC +APsc + |21

oo

w

Simulation results

In order to validate the proposed reference signal
generator a three-phase grid connected converter system
for both compensation and rectifier applications was
designed and several tests were performed in simulation. A
diagram of the test system is shown in Fig. 3. The test
system is composed of an AC load bank in parallel with the
converter for compensation applications and a DC load
connected to the VSC DC bus for rectifier applications. The
AC load bank consists of a linear RL load that can be
unbalanced. Test system parameters are provided in Table
1. The VSC of the test system has the same control as
described in [5] except that the reference signal generator is
replaced with the proposed one shown in Fig. 2.

> > S ] T
cos wlgt sin a)lgt Component Scaling RT’ ST DC voltage l
¥ Yy
TR K, K. K, controller output
os |[r+ ~ ~
Up,—>1  Sequence Usr » Yy vy Z G,
o Extraction [f7 — > CPC based
Usr algorithm lf”f »  CPC based 3 B current
) I; decomposition |— £ waveform
Iy — RDFT =~ > algorithm A A | reconstruction
iy, —»| algorithm I & algorithm
I "Phase Correction 27_ M ~ =
: Measurement ~ _RT [ ™] : . B, Correction T
| Us L] cPCbased I ot () g, iy SIDO T
) I I, decomposition | ! . 0S a)f,t
ke —"’I RDFT = algorithm : ) A Correction §
e —T*] zlg"mh“i’ s . :_"X"’ Controller (PI)
|

Cos®, I Sinw, I

Fig. 2. Proposed reference signal generator without synchronization for grid-connected VSCs.
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; Lc %Lc Lc
Sw2
—o/o—
Voltage Source DC Load
Converter 14.4kW

Fig. 3. Test System.

The supply voltage may contain both asymmetry as well
as harmonic distortion in addition to frequency variation and

is expressed as
_.P N
(23) u=u +u +u,,

where u' is a positive sequence sinusoidal voltage vector
and «" is a negative sequence sinusoidal voltage vector
with line-to-neutral voltage at terminal R equal to

4)  ul =\2U" cosayt =2U" cos it

Distorted component of the voltage is given by u;, with line-
to-neutral voltage at terminal R equal to
(25) 1y, =~2XU” cos nayt

with RMS value of X percent of the positive sequence
fundamental.

Table 1. Parameters of the Test System.

AC Load Resistance, R; 1.16Q
AC Load Inductance, L; 5mH
Unbalanced Load, R, 16 Q
Supply nominal frequency 60Hz
Coupling inductance, Lc 1.0mH
DC bus capacitor 2700uF
DC bus reference voltage 700V
VSC Switching Frequency 12KHz
Re{ﬁkr}
200 F ' ' J
200 F : . N
0.1 0.15 _ 0.2 0.25
; Im{URI'} .
200 + i
0 M
-200 F i i 3
0.1 : : 0.25

Magnitude U,,

e,

Phase U,

T T

0.25

-:ar'\aom-b
T

“0.1 0.15 0.2 0.25
Time

Fig. 4. CRMS value of positive sequence of voltage Uzr before
and after -10Hz frequency step change without reactive current
control loop.

Simulation results during a frequency step change of -
10Hz are shown for various test cases. In all cases at time
t=8.3/60 the frequency step change of —10Hz occurs.
Figure 4 shows the real and imaginary components as well
as magnitude and phase of the positive sequence
fundamental of voltage Ug; computed by the RDFT before
and after the frequency step change.

Three simulation test cases demonstrate the
performance of the proposed reference signal
generator for various system conditions.

a. Compensation with sinusoidal asymmetrical supply and
linear balanced load

Simulation results are shown for reactive current
compensation for a linear load. Switches Sw1 and Sw2 are
open at all times and supply asymmetry occurs at =6/60
seconds with U"=120 and U"= U’/2.

Equivalent Conductance of the load and the converter
are shown in Fig. 5. Note that the equivalent conductance
of the converter, G, is initially small due to power losses,
APy, but increases when the voltage asymmetry occurs.
This is because in order to balance the supply current the
converter must convert active power of negative sequence
at the load into active power of positive sequence at the
supply. Equivalent Susceptance and Unbalanced
Admittance are shown in Fig. 6.

03 Equivalent Conductance of Load and Converter
. T T T T T

0.3]

0.25

0.2

0.15f
0.1+
0.05[
oF 3

09338 016
Time

Fig. 5. Equivalent Conductance of the AC load and VSC with
voltage asymmetry at t=6/60 and -10Hz frequency step at t=8.3/60.

Equivalent Susceptance and Unbalanced Admittance
T T T

i i i
0.1 015 1ine 0.2 0.25

Fig. 6. Equivalent Susceptance and Unbalanced Admittance of the
AC load and VSC with voltage asymmetry at t=6/60 and -10Hz
frequency step at t=8.3/60.

Equivalent Susceptance of the converter, B, is
regulated to the set-point that in this case is equal to the
negative of the measured load reactive power. Unbalanced
admittance is also regulated to the set-point. After the
frequency change, the phase shift in the generated currents
means that both the active current and reactive current
reference currents both contain active and reactive
components. The correction controllers ensure that the
active and reactive power of the total reference current are
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correct. Therefore, the reference admittances are correct,
as shown in Fig. 6, even after the frequency step change.
However, the large ripple in this case does cause slight
distortion of the converter current. The supply voltage,
compensated supply currents and load currents are shown
in Fig 7. Figure 8 shows supply voltage and current for
Phase R. The phase shift caused by the frequency step
change can be seen but is corrected within two cycles.

b. Supply of a DC load and compensation with sinusoidal
asymmetrical supply and linear unbalanced load

Simulation results are shown for compensation of a
linear but unbalanced load along with a DC load. In this
case the voltage is initially asymmetrical with U"=120 and
U"=U"12 as in the previous case. Switches Sw1 and Sw2
are closed at all times

The Equivalent Conductance does not change since the
active current controller is regulating the DC bus voltage at
the set-point by maintaining the required DC load active
power as well as negative sequence active power of the
fundamental in the AC load.

Supply Vol(age

%%'50’0"0‘0'0‘0'0&'0&'9&0\0,

00, 014 016 018

Supply Current After Compensation
T T T

o

. i h
10(5.08 0.1 0.12 0.14 0.16 0.18 0.2 0.22 0.24

200 Lmd Current .

3 mwwmw

208

o

14 0 16
Time

Fig. 7. Supply voltage, supply current and load current.

2 Supply Voltage and Current Phase R after Compensation
T T T T T T T

200

100

[o

-100

-200¢

301 i I i i i i i i
Time

Fig. 8. Phase R supply voltage and supply current.

However, as previously, when the frequency change occurs
the Equivalent Susceptance of the converter must change
due to the phase error introduced into the current reference.
Equivalent Susceptance and Unbalanced Admittance of the
converter are regulated to the set-points as shown in Fig. 9.
The supply voltage and the compensated supply current in
steady-state after the de-synchronization of —10Hz are
shown in Figure 10 (a) and (b) respectively.

c. Supply of a DC load and compensation with non-
sinusoidal asymmetrical supply and linear unbalanced load

Simulation results are shown having all load conditions
the same as in Section IV B. However, in this case the
voltage is heavily distorted with a 5™ order harmonic equal

to 10% of the fundamental, X=0.1,
asymmetrical with U"=120 and U"= U’/2.
The supply voltage, supply currents and load currents
are shown in Fig. 11. As expected, the performance is not
effected by the voltage distortion since the RDFT as
computed using (1) extracts only the fundamental.

in addition to

Equivalent Susceptance and Unbalanced Admittance
T T

o p ~ A

%@
o Im{A’

0.3 =

0.3 Be B ] !

0.4 i -

-0.59 hi
01 015 e 02 025

Fig. 9. Equivalent Susceptance and Unbalanced Admittance before

and after -10Hz frequency step change for both load and corrected

reference outputs.

Asymmetrical Supply Voltage

0.2 0.205 021 0.215 0.22 0.225 0.23 0.235 0.24 0.245 0.25
Time

(a)

Supply Current After Compensation

o2 0.205 0.21 0215 0.22 0.225 0.23 0.235 0.24 0.245 0.25
Time

(b)
Fig. 10. Supply voltage (a) and compensated supply current (b)
after -10Hz frequency step change.

40 Supply Voltage

200
ok
-200- 1

-40 i L
0.1 0.15 0.2 0.25

Supply Current After Compensation
20i T T

100,
0
-100

20 i I

1 0.15 0.2 0.25
AC Load Current

200 T T

100
ok
-100F

R I I
20%.1 0.15 0.2 0.25

Time

Fig. 11. Distorted and asymmetrical supply voltage, supply current
and load current.
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Conclusions

A CPC based converter control method that does not
require direct supply synchronization and is suitable for
systems with non-ideal supply voltages and high frequency
variation has been developed. The reference signal
generator is almost immune to frequency variations with
only very small high frequency ripple resulting from large
frequency deviation from the nominal set-point.
Furthermore, it is not possible for the developed control
scheme to lose phase-lock since it does not require direct
supply synchronization to operate. It also performs well
under supply voltage asymmetry and distortion. The
converter rating must be increased under such conditions
since active power at harmonic frequencies or negative
sequence active power at the fundamental are converted to
positive sequence active power at the fundamental
frequency.
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