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Abstract—Operation of wind turbine generators is affected by
unbalance in the grid voltage. This paper presents harmonic
analysis when type-4 wind turbine is subjected to grid voltage
unbalance. For simplicity, in the current research, the type-4
wind turbine’s grid-side converter is assumed to have constant
dg-frame modulation indices. First, an EMT model for Type-
4 wind turbine with unbalanced grid voltage is modeled in
PSCAD. The current is found to have positive-, negative-sequence
fundamental components as well as positive-sequence 180 Hz
harmonic component. Steady-state circuit analysis is then carried
out to compute the current harmonic components. The analysis
results match the EMT simulation results.

Index Terms—Type-4 wind; EMT Model; steady-state analysis

I. INTRODUCTION

With the advancement of the modern power system and
increased dependency on the electricity, the gradual shift of
power generation is in course from nuclear, thermal generation
to more renewable generation process. That being said one of
the greatest innovation of modern power system are the wind
turbines. The first of which was invented in 1888 in Cleveland,
Ohio by Charles F. Brush. But the major advancement in wind
turbines have occurred in the last decade.

Significantly large wind power generations are now
widespread around the world. They are connected to the public
network and to the grid. Grid connected operations of wind
turbine generators (WTGs) can result in certain technical
problems. One such issue is harmonics due to unbalance
operation.

In [1] the author has explained different method of analysis
of an unbalanced Wind Turbine. Most recently, [2] examined
harmonics in grid-connected converter subject to unbalance
and identified 3rd harmonics as the result of unbalance.

The current paper focuses on the effect of unbalanced grid
voltage on a Type-4 wind model. Different from [2] where
analysis is based on three-phase vectors, we adopt space vector
based modeling for unbalance analysis. The space vector based
analysis results in more concise expressions and clear insights.

The remainder of the paper is organized as follows. Section
2 presents the EMT model description and harmonic analysis
when the converter is subject to grid voltage unbalance. Sec-
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tion 3 presents the harmonic analysis. Voltage/current relation-
ships of the DC side, the ac side, and the relationship between
the DC and the AC side of the converter are thoroughly
examined and mathematic relationship is formed. Section 4
concludes the paper.

II. EMT TESTBED RESULTS

Fig. 1 represents a equivalent circuit of a Type-4 wind farm.
In this model, the synchronous generator and the rectifier
circuit is designed as a constant voltage source in series with
an inductor, Ly, of 1 mH and a DC link capacitor, Cy. of
7500 pF to ignore the machine dynamics. The voltage source
converter (VSC) is designed as a detailed model with six IGBT
switches with a switching frequency of 1 kHz. The grid is
connected to the PCC bus through a RL transmission line with
Xline as 0.1 pu and % = 0.1. The parameters in SI unit is
stated in Table L.

The converter ac side is connected with a low-pass filter
filter to minimize the effect of harmonics on the grid. In the
Fig. 1, R and L represent total Resistance and Induction of
the system from the converter to the grid. The EMT model in
Fig. 1 is modeled in PSCAD V4.6. The model is built based
on the reference provided in [3].

TABLE I: Parameters

Parameters | Values (SI)
Varid 3919 V
Riine 0.0219 O
Xline 582 :u’H
Leiger 125 pH
Cﬁlter 200 )U'F
Ldamp 625 :U'H
Cdamp 100 uF
R(lamp 250

1) Low Pass Filter: To eliminate the enormous amount of
harmonics generated by the inverter, a good design of a low-
pass filter is necessary. The detail design of the low-pass LCL
filter in Fig. 1, is expanded in Fig. 2. The detailed parameter
selection procedure of the low pass filter is described in
PSCAD handbook, [3], and the final value of the parameters
is shown in Table I.

A. Simulation result

The Type-4 wind detailed model from PSCAD example is
considered to be the benchmark model. To create an unbalance



Fig. 1: Equivalent model for type-4 wind farm.
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Fig. 2: LCL filter.

in the grid voltage, a voltage sag of 0.3 pu has been introduced
at 0.3 secs as shown in Fig. 3. In real world, a voltage dip may
appear due to an unbalanced load in the grid side or a single
line to ground fault on phase-a long transmission line. The
unbalance in the grid voltage will result in two components of
the grid voltage, 60 Hz component in positive sequence and
60 Hz component in negative sequence. The phasor form of
the three-phase grid voltage vgiq is expressed as the follows.
Note that the real parts are the three-phase signals.

Vel 0.7
Tgria = |V, "5 | = [/CF) | x04kV (1)
Vel (+5) el (H5)

where Vg’ represents the unbalanced voltage magnitude in
phase-a.

From Eq. (1), we can derive the positive and negative
sequence as below,

1,50
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where o = ¢/ % .

Unbalanced condition Eq. (2) will provide a negative-
sequence component. FFT analysis of the sequential diagram
shown in Fig. 4 verifies the above analysis. The frequency step
in the FFT plot is 10 Hz.

In the space vector form we can represent the unbalanced
grid voltage as the sum of positive and negative sequence
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Fig. 3: Voltage dip.
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Fig. 4: FFT plot showing positive and negative voltages for grid voltage.
Positive sequence component: 0.35 kV, negative sequence component: 0.04
kV.

voltage as shown in Eq. (3),
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where the superscript * notates complex conjugate.

EMT simulation results show that the converter voltage and
current will have fundamental component and a 3rd harmonic
component in the positive sequence and a fundamental com-



ponent in the negative sequence. The sequence diagram from
the EMT testbed is shown in Figs. 5 and 6.
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Fig. 5: FFT plot showing positive and negative voltages for converter voltage.
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Fig. 6: FFT plot showing positive and negative sequence currents for converter
current.

The components will be computed using the steady-state
analysis in Section 3.

Due to the unbalanced voltage dip occurring in the grid side,
the AC power will also have a second harmonic component
along with the DC component. Since the power loss in case
of inverter is zero, the DC power also has a second harmonic
component. So the DC-link voltage and current will also have
a second harmonic component. Fig. 7 shows the oscillation
of the DC-link voltage and current. The presence of second
harmonic component on the DC-link voltage and current can
also be verified from the FFT analysis of the DC side voltage
and current as shown in Fig. 8.

III. STEADY-STATE ANALYSIS

In this section we conduct steady-state analysis. The em-
phasize is the grid-connected converter’s dc side and ac side.
The combination of synchronous generator and the AC to DC
rectifier model shown in Fig. 1 is replaced by an ideal DC
voltage source in series with an Inductor of 1 mH and a DC-
link capacitor of 7500 uF as shown in Fig. 10. The DC-link
voltage is the voltage measured across the DC-link capacitor
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Fig. 7: DC-Link voltage and current.
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Fig. 8: FFT Magnitude Plot for DC-Link voltage and current.

and the DC current is the current flowing into the inverter
circuit.

A. AC side voltage/current relationship

In this section we are going to analyze the connection
between the converter and the grid represented inside the
rectangular box shown in Fig. 9. For simplicity of derivation
the total impedance between the converter and the grid bus is
represented as Riota1 and Lioga).

Rtotal = Rﬁlter + Rline and

Ltotal = Lﬁlter + Lline
In the system shown in Fig. 9, we assume power flow is

from the converter to the grid. So the KVL equation from the
converter to the grid is represented in Eq. (4).

-
7conv - 7grid = (Rtotal + SLtotal) X T conv (4)

Dq-frame Analysis: Eq. (4) can be represented in the dg-
frame:
vConv -

Vgrid = (Rtotal + (5 + ij)Ltotal)Iconv (5)

We assume in the dg-frame,

V =g + jug
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Fig. 10: Equivalent circuit of Type-4 converter: emphasis on the DC side.

So Eq. (5) can be expressed as the following.

VUconv,d|  |Vgrid,d| _
Uconv,q Vgrid,q

Rtotal + SLtotal
wOLtotal

_WOLtotal Z.conv,d (6)
Riotal + 8Liotal tconv,q

Under unbalanced condition, the system will show the
presence of both 0 Hz component and 120 Hz component in
the dg-frame. Under unbalanced condition, relationship among
the 120 Hz components can be represented by Eq. (7). The
120 Hz component is represented by a superscript (2), (x)(2).

U(2) conv,d ﬁgrid,d _
e) 0@, B

conv,q grid,q

—woLiotal ﬁconv,d (7)
Rtotal + Ltotals(z) 1(2)

|:Rtota1 + LtotaIS(Q)

wOLtotal conv,q

where 52 = j2w.

Phasor-domain analysis

To analyze the unbalanced condition in phasor-domain, the
voltage and current are decomposed to positive and negative
sequence components. It is known that the system has three
harmonic components: positive-sequence fundamental compo-
nent, negative sequence fundamental component, and positive
sequence 3rd harmonic component.

Equation Eq. (4) under unbalanced condition can be decom-
posed in three different equations representing fundamental
component in positive sequence, 3rd harmonic component
in positive sequence and fundamental sequence in negative

sequence as represented in Egs. (8) to (10). The superscript
(+), (3) and (-) represent fundamental component in positive
sequence, 3rd harmonic in positive sequence and fundamental
component in negative sequence respectively.

VO V) = (Buoat + Liowas™) x T, (®)
Vﬁizw - Vgii)d = (Riotal + Liotars™) x Tiizlv ©)
Vioh = Vean = (Reownt + Lios ™) x I, (10)
With a fundamental frequency represented as wy = 377

rad/sec, the Laplacian operator s can be represented as s(t) =
Jwo, @) = j3wp and s(7) = —jwy.

To analyze unbalanced condition for converter to grid inter-
connection we just consider Eqs. (9) and (10).

B. DC side and DC/AC relationship

In this section we are going to analyze the relation between
the DC side and AC side voltage and current under unbalanced
condition. The rectangular box in Fig. 10 is the part discussed
in this section.

From Fig. 10, the relationship between the DC-Link voltage
and the DC current is represented as,

Vdc = _chidc (11)
where
e = Les||— (12)
c — cS
d d Cuos

Under unbalanced condition the DC voltage and current will
have second harmonic components, so the Laplacian operator,



s we be represented as s = j2wg and Eq. (12) will be
represented as follows.

1
Cyes
Let’s analyze the the DC and AC side of a converter using

the power equivalent equation. The power conservation law is
described as follows.

Vdcidc = gReal{vcoanconv}

282 = Laes®)||

C

13)

(14)

DC side instantaneous power is equal to the ac side instanta-
neous power. The relationship between dc voltage V. and the
ac converter Vony is as follows

Vconv = %Vdc (15)

where M = mg+jm, is the phasor of the modulation indices.
mq and m, in this paper are assumed to be constant for
simplicity.

Substituting value of V.o, in Eq. (14) leads to

[ma  mq] [?wnwd] — Real{ml,,,}

tconv,q

7:dc =

(mjzonv + m*TCOHV>
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16)

Under unbalanced condition, for the 120 Hz harmonic com-
ponent in the dg-frame and dc side, Egs. (11), (15) and (16)
can be represented as follows.

Ve = 23Ty (17
—(2) —(2)
VCOnVA,d — md X Vdc (18)
7(2) Mg 2

conv,q
—(2)
—(2 3 I
T =5 [ma my] l?%i”’d] (19)
conv,q

where the superscript (2) represents second harmonic compo-
nent.

Phasor-domain analysis According to Fig. 10, the relation-
ship between the DC link voltage and current will be same for
both DQ and phasor domain analysis and can be expressed as,

(20)

Now to derive the relationship between converter voltage
and DC link voltage, Eq. (15) can be used. Under unbalanced
condition, DC-link voltage has 2 components, DC-component
and 120 Hz component in positive and negative sequence. So
the expression for DC-link voltage can be written as,

Vdc = - chidc

Vet 4+ Vi emiont

2
The relationship between converter voltage space vector and
the DC-link voltage can be expressed as:

vae = VIO + 1)

m
wot
7conv = _—el“° Vdc

2 (22)

Now from Egs. (21) and (22), the expression of converter
voltage can be written as,

m . M s e (2
U conv = %ewtvjf) + %e‘“""tV ;c)

+ ey 23)

From Eq. (23) it is clear that under unbalanced condition,
the converter voltage can be expressed in positive and negative
sequence component and has a frequency component of 60 Hz
and 180 Hz in positive sequence and another 60 Hz component
in negative sequence.

The expression for 3rd Harmonic and negative 60 Hz
component of the system can be expressed as:

=(-) M =2

Vconv = 4 Vdc (243)
Ve = 5V (24b)

Since Eq. (23) confirms that the converter side has a funda-
mental and 3rd harmonic component in positive sequence and
a fundamental component in negative sequence, the converter
side current can be expressed as the follows.

?conv _ T(+)€jw0t + T*(i)e—jumt + T(3)ej3wot (25)
The phasor representation of the dc side current and con-
verter current can be expressed from Eq. (16) as follows:
3

. g jwot | ek —jwot
tde = 3 (m i oy @ T 0 onve 70 )

(26)

By substituting Eq. (25) into Eq. (26), we can derive the
final relationship between dc side current and converter side
current under unbalanced conditions. The final equation can
be split into two equations, shown on the following.

3  —x(+) &
19 = % (T come + 1" Teomy) (27a)
+2) 3 (_=(=) | 503
Idc - 4 (mIconv +m Iconv) (27b)

It can be seen that the dc-link current’s 0 Hz component is
related to the positive-sequence fundamental component of the
ac side current, while the dc side current’s 120 Hz component
is related to the negative sequence fundamental component
and 3rd harmonic component in the ac current.
The expressions in Egs. (9), (10), (17), (24a), (24b)
and (27b) can be used to analyze the system and find the
72 F72) (=) 7B F-) +(3)
value of Vdc 7Idc 7Vcouv7 Vconv? Iconv and Iconv'
1 describes the computing procedure.

Algorithm

C. Validation

The simulation output from the EMT testbed shown in Fig. 8
can be validated using the equations in Section III-B. Using
Algorithm 1 the numerical calculation was completed using
MATLAB v2017b and the comparison is shown in Tables II
and IIL

It can be seen that the analysis results match well with the
EMT simulation results.



Algorithm 1: Phasor domain analysis
Initialize the R, L and C;

s = jwo;
s = 2wp;
5@ = j3wo;
s(7) = —jwp;

Initialize the modulation index;

Initialize vgriq;

Process: Convert vg,iq to sequence domain;

Define Variable: V.., V) Tio‘gv,Tf;‘gnv,vfi)jfi);

conv?’ conv?’

Solve: Eqgs. (9), (10), (17), (24a), (24b) and (27b).

TABLE 1II: Comparison between EMT Testbed and circuit analysis for
different modulation index

EMT Testbed Analysis
v 1 0.006222.9776 | 0.0056£3.04
m=1s157 | V), | 0.00612-0.155 | 0.0056.—0.09
7% | 0.0049/-1.42 | 0.0054/—1.63
700, | 0143/-1677 | 0.1002/-1.66
v® | 0.003723.02 0.0035./3.05
= 08/157 | Vi), | 0.00372-0.25 | 0.0035,-0.13
7% 1 00029142 | 0.0036./—1.63
Toony | 0.135/-1.673 | 0.1349/—1.66

TABLE III: Comparison between EMT Testbed and circuit analysis for DC-
Link side with different modulation index

EMT Testbed Analysis
st ?ﬁ? 0.0243/—1.46 | 0.0227/—1.663
73 | 0.111323.043 | 0.101743.045
=)
o 08/L5T Y(% 0.018/—1.4664 | 0.0173/—1.66
70 | 0.08323.0366 | 0.078723.05

IV. CONCLUSION

This paper has presented a steady-state problem formulation
to find harmonic components of current and voltage when a
type-4 wind is subject to unbalance. The analysis approach
adopted is space-vector based modeling of three-phase signals
as well as circuit analysis. The computing results show a
close match of the EMT testbed for the steady state analysis
algorithm.
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