-

View metadata, citation and similar papers at core.ac.uk brought to you byf’f CORE

provided by VBN

Aalborg Universitet
AALBORG UNIVERSITY

DENMARK

Co-ordinated Control Strategy for Hybrid Wind Farms with PMSG and FSIG under
Unbalanced Grid Voltage Condition

Zeng, Xin; Yao, Jun; Chen, Zhigian; Hu, Weihao; Chen, Zhe; Zhou, Te

Published in:
| E E E Transactions on Sustainable Energy

DOl (link to publication from Publisher):
10.1109/TSTE.2016.2527041

Publication date:
2016

Document Version
Peer reviewed version

Link to publication from Aalborg University

Citation for published version (APA):

Zeng, X., Yao, J., Chen, Z., Hu, W., Chen, Z., & Zhou, T. (2016). Co-ordinated Control Strategy for Hybrid Wind
Farms with PMSG and FSIG under Unbalanced Grid Voltage Condition. | E E E Transactions on Sustainable
Energy, 7(3), 1100-1110. DOI: 10.1109/TSTE.2016.2527041

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

? Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
? You may not further distribute the material or use it for any profit-making activity or commercial gain
? You may freely distribute the URL identifying the publication in the public portal ?

Take down policy
If you believe that this document breaches copyright please contact us at vbon@aub.aau.dk providing details, and we will remove access to
the work immediately and investigate your claim.

Downloaded from vbn.aau.dk on: April 30, 2017


https://core.ac.uk/display/60646847?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://dx.doi.org/10.1109/TSTE.2016.2527041
http://vbn.aau.dk/en/publications/coordinated-control-strategy-for-hybrid-wind-farms-with-pmsg-and-fsig-under-unbalanced-grid-voltage-condition(6e30202c-dffa-4447-a96d-2875602f77aa).html

Coordinated Control Strategy for Hybrid Wind
Farms with PMSG and FSIG under Unbalanced
Grid Voltage Condition

Xin Zeng, Jun Yao, Member, IEEE, Zhigian Chen, Weihao Hu, Zhe Chen, Senior Member, IEEE, and

Te Zhou

Abstract—This paper investigates a control strategy for a
wind farm with the direct-driven permanent-magnet
synchronous generators (PMSG)-based wind turbines and the
fixed speed induction generators (FSIG)-based wind turbines
under unbalanced grid voltage condition. By controlling the
PMSG-based wind farm to inject negative-sequence current for
decreasing voltage unbalance factor (VUF) at point of common
coupling (PCC), the double grid frequency oscillations in
electromagnetic torque, active and reactive power output from
the FSIG-based wind farm can be suppressed. In this paper, the
maximum amplitude of the negative-sequence current provided
by the PMSG-based wind farm under different average active
power output and different VUF conditions is deduced, and the
impacts of its phase angle on the VUF mitigation control effect
are further studied. The improved control strategy of injecting
negative-sequence current from the PMSG-based wind farm by
the modified negative-sequence voltage and current double
closed-loop control system is then developed. Finally, the
correctness of theoretical analysis and the effectiveness of the
proposed control strategy are validated by the experimental
results.

Index Terms—Wind power generation; hybrid wind farm;
unbalanced grid voltage condition; voltage unbalance factor
(VUF); negative-sequence current.

I. INTRODUCTION

ith rapid development of wind power industry in recent

years, a great number of wind farms have been installed
all over the world. Due to the flexible power control capability,
variable speed-constant frequency (VSCF) wind turbines using
doubly fed induction generator (DFIG) or permanent magnetic
synchronous generator (PMSG) have become dominant among
the newly installed wind farms [1]. However, fixed speed wind
turbines using induction generator (FSIG) still have a
significant percentage in operating and under-construction
wind farms because of its simple structures and lower costs [2].
The FSIG-based wind turbines are connected with the grid
directly without converters, so they can't be controlled flexibly
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and can be easily affected by the grid voltage disturbance
[3]-[5]. Nowadays, most wind farms are installed in rural or
offshore areas where voltage unbalance condition occurs more
frequently [6]-[9]. Consequently, FSIG-based wind farm
directly connected to the weak grid could be seriously affected
by the unbalanced grid voltage, which may even result in the
disconnection of the wind farm. Due to the high
negative-sequence current flowing through the stator, the
overheating and losses in the generator would be obviously
produced, which can destroy the insulation and decrease
lifetime of the generator. Furthermore, the interaction between
positive- and negative-sequence components of stator current
and voltage will introduce double supply frequency
oscillations in electromagnetic torque, which inevitably
generates significant stress in the turbine mechanical system
[10]. As a consequence, it is necessary to develop novel
measures for the FSIG-based wind farm to improve its ability
coping with unbalanced grid voltage condition.

At present, several control schemes have been investigated
for improving operation performance of FSIG-based wind
farm during network unbalance. In [11], a static synchronous
compensator (STATCOM) equipped with FSIG-based wind
farm is controlled to inject reactive power to grid for aiding
grid voltage quick recover, which effectively decreases
negative-sequence voltage at terminal of FSIG-based wind
farm and improves ability of the wind farm riding through the
voltage unbalance condition. The control effect of this scheme
is significantly dependent on the capacity of the STATCOM
and the line impedance between the fault location and the
STATCOM. For a small VUF caused by an unbalance fault,
the line impedance will have a big influence upon VUF
mitigation performance, and it is difficult to determine the
accurate capacity of STATCOM for achieving the satisfactory
control effect [12]. Another effective scheme is using series
compensation equipment such as dynamic voltage restorer
(DVR) [13], which maintains the stator voltage balance during
grid voltage unbalance. However, DVR may not endure
long-time steady-state voltage unbalance fault because of its
limited DC link capacity [14]. As analyzed, the two strategies
stated above both effectively improve the operation
performance for the FSIG-based wind farm under unbalanced
grid voltage condition. However, there are still some
drawbacks for both strategies, and utilizing auxiliary hardware
devices will undoubtedly increase the cost of the whole system.

Recently, the distributed energy resources based PWM
converters have been used to compensate the unbalanced
voltage of the connected power grid during network unbalance
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[15]-[17]. Obviously, the operation performance of
FSIG-based wind power generation system could be improved

by being installed along side these distributed energy resources.

More recently, with increased installation of the VSCF wind
turbine generation system, the hybrid wind farm combining
FSIG with DFIG or PMSG-based wind farm have been a trend
of large-scale wind farm construction. Therefore, the operation
performance of FSIG-based wind farm could be improved by
nearby DFIG or PMSG-based wind farm to cope with the
requirement of grid code without auxiliary hardware devices
under non-ideal grid conditions [18]-[20]. In a hybrid wind
farm including FSIG-based and DFIG-based wind farm, a
strategy has been proposed by controlling DFIG-based wind
farm to inject negative-sequence current into the grid to
decrease the VUF at PCC [20], which effectively weakens
doubly supply frequency pulsations in electromagnetic torque
and power output of FSIG-based wind farm. However, the
amplitude of compensated negative-sequence current is
limited by the rated current of the grid-side converter in the
DFIG-based wind power generation system, the
negative-sequence grid voltage or the VUF at PCC can't be
fully compensated under some conditions such as the DFIG
system working under high power generation condition. In this
case, the VUF mitigation effect by the proposed control
strategy in [20] cannot be demonstrated to be optimal, which
means that the available negative-sequence current cannot be
adequately utilized by the control strategy in [20] for
decreasing the VUF at PCC to its minimum value under some
conditions. Moreover, the VUF mitigation control effect is
restricted because of the partial power converters in
DFIG-based wind farm, which means that merely using the
DFIG-based wind farm to compensate the voltage unbalance
has limited effect on improving the operation performance for
a hybrid wind farm including FSIG-based and DFIG-based
wind farm during network unbalance. Compared with the
DFIG-based wind power generation system, the PMSG-based
wind turbine uses full scale converters to transmit wind power
to the power grid, as a result, hybrid wind farms containing
PMSG-based and FSIG-based wind power generation systems
may have more flexible controllability to mitigate the
unbalanced voltage at PCC without utilizing any other hard
ware devices such as STATCOM or DVR, whereas there has
been a little work on this topology. In order to illustrate the
effectiveness of a compensation control strategy, the statement
“optimal value of VUF at PCC” is introduced in this paper.
Due to the limited amplitude of current provided by the
PMSG-based wind farm, the VUF at PCC will be controlled to
various values with different average active power outputs of
PMSG-based wind farms. However, there always exists a
lowest level VUF at PCC with a given average active power
output of PMSG-based wind farm, which can minimize the
double grid frequency oscillations in electromagnetic torque,
active and reactive power output from the FSIG-based wind
farm. The lowest level VUF at PCC can be defined as the
optimal value of VUF at PCC.

In this paper, a hybrid wind farm which consists of
FSIG-based wind farm and PMSG-based wind farm is chosen
as the studied case. The maximum amplitude of
negative-sequence current generated by the PMSG-based wind

farmis firstly deduced, and then the effect of phase angle of the
negative-sequence current with different VUF at terminal of
PMSG-based wind farm is analyzed, which can be used for
demonstrating the control effect of the proposed control
strategy. Based on the theoretical analysis, a coordinated
control strategy for decreasing VUF at PCC by using
PMSG-based wind farm is developed to enhance the operation
performance of the FSIG-based wind farm. Although the
control strategy of unbalanced voltage compensation by
injecting negative-sequence current has been studied
preliminary in other papers, the influence caused by the phase
angle of the negative-sequence current has not been
investigated. In addition, the existed control strategy cannot
achieve the optimal control effect for the unbalanced voltage
compensation under some conditions, especially when the
negative-sequence voltage cannot be suppressed to zero within
the maximum negative-sequence current amplitude. In this
paper, one of the novel contributions of this paper is the depth
theoretical analysis about the impact of the injected
negative-sequence current phase angle to VUF at terminal of
wind farm. Based on the theoretical analysis, the improved
unbalanced voltage compensation control strategy is proposed
by designing a new negative-sequence voltage and current
double closed-loop control system, and it can be generally
utilized for improving the operation performance of hybrid
energy system based on full-scale PWM converter, i.e.
induction generators with full scale converters or photovoltaic
power system, more than PMSG-based wind power generation
system during network unbalance, which is the other novel
contribution of this paper.

The paper is structured as follows. Topology and
mathematical model of the investigated system is introduced in
section Il. Section Il deduces the maximum amplitude of
negative-sequence current output of PMSG-based wind farm
under different operation conditions. Section IV proposes a
control strategy to decrease the VUF at PCC to its optimal
value. Verification about the proposed control strategy is
demonstrated by using experimental results in section V, and
section VI draws the conclusion.

Il. TOPOLOGY AND MODEL OF THE HYBRID WIND FARM

A. Topology of the hybrid wind farm

Configuration of the hybrid wind farm including
PMSG-based wind farm of 30MW rated capacity and
FSIG-based wind farm of 20MW rated capacity is shown in
Fig. 1.
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Fig. 1 Configuration of a grid-connected hybrid wind farm.

Although the given proportion of the two wind farms does
not represent a real installation, there are a number of existing
wind farms which have both PMSG and FSIG in the range of
around tens MW. The PMSG-based wind farm consists of 30
1MW PMSG-based wind turbines, and the FSIG-based wind
farm consists of 20 1MW FSIG-based wind turbines. The
30MW PMSG-based wind farm and 20MW FSIG-based wind
farm can be equivalent to a PMSG-based wind turbine of
30MW rated capacity and a FSIG-based wind turbine of
20MW rated capacity respectively without considering the
effect among wind power generators in wind farms. Z,, Z,, Z;
and Z, are impedance of the transmission lines respectively.

B. Model of the hybrid wind farm during network unbalance
Operation principles and mathematical models under
normal operation conditions about PMSG-based wind farm
and FSIG-based wind farm have been developed in details in
[1] and [21] respectively, so a brief description is given here.
Under unbalanced grid voltage condition, machine-side
converter (MSC) of PMSG-based wind power generation
systems can still be controlled to obtain steady DC link voltage
as normal. However, control of grid-side converter (GSC) of
PMSG systems may be modified for improving the unbalanced
operation capability for the FSIG-based wind farm.
Mathematical model of GSC in the positive/negative sequence
synchronous reference frames can be expressed as

+ Ha Ha + digd‘f
ng+ :_Rglgd+ +a)1Lgng+ +Ugd+ - Lg T
i 1)
i
+ i+ e + 99+
Ve = ~Rylgge —1Lyigg, +Ug — Ly dt
_ . - _ digy
Voo =—Rylga- —arlylge +Uge — 1L dt
N 2
- . - _ dig,
- = Ryl Lyl +Ug — 1L dt

where Uy is voltage at terminal of PMSG-based wind farm; V4
is voltage on AC side of GSC; i is current of GSC; L is total
inductance including leakage inductance of transformer and
line inductance; Ry is the line resistor; w, is synchronous
rotating angular speed; subscript d and q express components
in d and q axes respectively; subscripts + and - express
positive- and negative-sequence components respectively, and
superscripts + and - express positive- and negative-sequence
synchronous rotating reference frames respectively.

Under unbalanced grid voltage condition, average active
power output (Pga) and reactive power output (Qg.a) Of
PMSG-based wind farm are determined by both positive- and
negative-sequence components of voltage and current [22],
and they can be expressed as

3/ 4 . o _
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I11. NEGATIVE-SEQUENCE CURRENT OF PMSG-BASED WIND
FARM

A. Negative-sequence Current Limit Analysis

Under unbalanced grid voltage condition, control for
average active power output of PMSG-based wind farm should
be the same with that under normal condition. Considering that
the positive-sequence component of grid voltage changes quite
small under unbalanced grid condition comparing with that
under grid faults, there is no need to inject reactive power into
the network for supporting the power grid [23]-[24]. Therefore,
it is unnecessary for wind farm to inject reactive power into the
network for supporting the positive-sequence voltage.
Consequently, according to (1), (2) and (3), negative-sequence
current output of PMSG-based wind farm is limited by
considering the average active power output of PMSG systems
and DC link voltage. When the zero-sequence current
component is reasonably ignored, the limiting conditions can
be expressed as

TS T S Ve = V5. -|Ug | "

Where |, is amplitude of negative-sequence current; | gy, is the
rated current of GSC; |iy.| is amplitude of positive-sequence
current determined by the average active and reactive power
output of PMSG-based wind farm; k. is the modification
factor; |U,.| and |U,| are amplitudes of positive- and negative
-sequence voltages at terminal of PMSG-based wind farm, and
V. is DC link voltage.

To deduce the negative-sequence current limit, the base
values of the PMSG-based wind farm are listed in Tab. 1.

TABLE. 1
Base values of PMSG-based wind farm
Parameters Base values Parameters Base values
Voltage (V) 563 Current (KA) 35.524
Capacity (MVA) 30 Impedance (Q) 0.0158
DC link 1200 Modulation 1/ ﬁ
Voltage(V) Factor
During network unbalance, the amplitude of

positive-sequence voltage is assumed to be 1.0 p.u. for
simplifying the following analysis [20]. Under this scenario,
the amplitude of negative-sequence current limited by average
active power output and DC link voltage of PMSG systems can
be further expressed as

Iy < lgm —ic,|[=1.05-P_,
- 5)
keVao —U, |- 1Us. (
Iy < Mol 165 0
ol 0.1982

Where d=|U,|/|U,.| is voltage unbalance factor (VUF) at terminal of
PMSG-based wind farm. L is equal to 0.1982 p.u. and o, is equal to
1.0 p.u.

According to the analysis mentioned above, the amplitude of
negative-sequence current generated by the PMSG-based wind
farm with different VUF (J) and average active power output
(Pg-av) is shown in Fig. 2. It can be seen that if average active
power output of PMSG-based wind farm is at low value region,
the maximum amplitude of negative-sequence current is
primarily limited by the DC link voltage, and with the VUF
increasing, the negative-sequence current limit would
decrease. On the other hand, if the average active power output
is at a higher value region, the amplitude of positive-sequence
current flowing through GSC is high correspondingly, so the



negative-sequence current is primarily limited by the average
active power output of the PMSG systems. Also, the maximum
amplitude of negative-sequence current injected to the grid
would decrease when the output average active power
increases. As a result, the available negative-sequence current
region can be determined by comprehensively considering
limitation of the current rating and DC link voltage.

]L\ 3=4%
/

9=8%  Limitation by
0=12% current rating

0.5¢

_(p.u)

gm

Limitation by DC link
voltage
0 0.5

Pg—av(p-u')

Fig. 2 Negative-sequence current limit of PMSG-based wind farm with
different VUF and average active power output.

B. Negative-sequence Current Phase Angle Analysis

Under unbalanced grid voltage condition, the phase angle of
negative-sequence current also has influence on control effect
for decreasing VUF at PCC. When PMSG-based wind farm is
controlled to output negative-sequence current, the equivalent
negative-sequence network of the studied system can be shown
in Fig. 3. Ug. is the equivalent negative-sequence voltage
source of the network, and i ; is the equivalent
negative-sequence current source of PMSG-based wind farm.
Zrsic and Zpyse are equivalent negative-sequence impedance
of FSIG-based wind farm and PMSG-based wind farm

respectively.
Terminal of PMSG-
based wind farm i

pPCC g

Up. Zy J, Zpmsc N
- + Z3 5 I
Z, FSIG
t . L

Fig. 3 Neigative-sequence network with negative-sequence current output of
PMSG-based wind farm.

From Fig. 3, the negative-sequence voltage at PCC (U,) can
be expressed as
- o Ly N2, +Zs)
U, =Up ~%— i (Z3 1 (Zy+ Zess))  (6)
3

By using f = (Zsll(Z2+Zrsic))/Z3, Zs = Z3ll(Z2+Zsic), (6) can
be simplified as:

U, =BUp —iy - Z; (7)
From (6) and (7), the minimum amplitude of
negative-sequence voltage at PCC will be obtained when -i,.
-Zs and pUg. are phase-reversed. The amplitude and phase
angle of the equivalent negative-sequence voltage source Ug.
may change when different grid voltage condition occurs,
which means that the phase angle of negative-sequence current
vector that is needed to compensate the negative-sequence
voltage should be dependent on the grid voltage unbalance
condition. If the phase angle of the compensation current is not
proper, the increment of the amplitude of negative-sequence
voltage at PCC may be resulted in.
As can be seen from Fig. 3, the negative-sequence voltage at
terminal of PMSG-based wind farm (U,.) can be expressed as

U, =U, —i, -2
=pUp_— ig;— (2, +Zy)

The amplitude of negative-sequence voltage at terminal of
PMSG-based wind farm (U,) can be obtained as

‘Ug’_‘ =\/‘ﬂU5_‘2 +‘—ig*_ .26‘2 +2‘ﬁu5_‘.‘_igf_ .26‘,0059 9)

Where Zg= Z,+Z5, and 6 is angle between -i;-Zg and SUg..
Considering B and Zg are constant during the network
unbalance, the angle 6 between -i;-Z¢ and Uy, is only related
to the phase angle of negative-sequence current, which means
that the impact of angle & on the amplitude of
negative-sequence voltage at PCC is the same with the phase
angle of i,. Taking into account the fact that the transmission
lines between the wind farm and PCC are usually very short
and the impendence of FSIG are very small, according to (8)
and (9), the negative-sequence voltage at PCC is similar to that
at terminal of PMSG-based wind farm by neglecting
impedance Z;and Zs. As a result, the optimal VUF at PCC can
be achieved by controlling the negative-sequence voltage at
terminal of PMSG-based wind farm to a minimum value. Fig. 4
shows the trajectories of the negative-sequence voltage vectors
and curves of relationship between the amplitude of
negative-sequence voltage vector at terminal of PMSG-based
wind farm and angle 6.

(8)

@)
Fig. 4 (a) Trajectories of negative-sequence voltage vectors; (b) Amplitude of
negative-sequence voltage versus angel 6.

As can be seen from Fig. 4, the amplitude of
negative-sequence voltage vector at terminal of PMSG-based
wind farm (JU, [) will vary as cosine law periodically when

angle 6 wvaries from 0 to 2z. As the maximum
negative-sequence current generated by the PMSG systems is
limited by the rated current of the GSC and the DC link
voltage, when the negative-sequence voltage generated by the
power grid (Ug) is at a high value, the negative-sequence
voltage at terminal of PMSG-based wind farm (U, ) can't be
decreased to zero no matter what the phase angle of
negative-sequence current is. In addition, the phase angle of
negative-sequence current has a big impact on control effect
for voltage unbalance, and under a certain condition, there
exists an optimal value for minimizing the VUF, as shown in
Fig. 4 (b). As a consequence, the amplitude and phase angle of
the compensated negative-sequence current will significantly
affect the VUF mitigation control effect during network
unbalance. In order to improve the operation performance of
the associated FSIG-based wind farm under unbalanced grid
voltage condition, the amplitude and phase angle of
negative-sequence current output of PMSG-based wind farm
should be considered synthetically for decreasing VUF at
PCC.



IV. CONTROL STRATEGY OF THE HYBRID WIND FARM DURING
NETWORK UNBALANCE

A. PMSG Control for Unbalanced Voltage Compensation

Under unbalanced grid voltage condition, MSCs of PMSG
systems are controlled to obtain steady DC link voltage as that
under normal condition. Positive-sequence components of
voltage and current of GSC are used to control output average
active power of PMSG-based wind farm, which means that the
positive-sequence current of GSC is controlled as that under
normal condition as mentioned in [25]-[27].

It can be known from the above analysis, the VUF
mitigation effect is depended on the amplitude and phase angle
of the compensated negative-sequence current of PMSG
system. The amplitude must be below the limitation by
considering average active power output and DC link voltage,
and the phase angle should be obtained with appropriate
scheme.

For the negative-sequence system, the relationship between
-ig-Zg and Uy can be expressed as

Uy =-iy -Zg+AU,, AU =pUg, (10)
In the negative-sequence synchronous rotating reference
frame, the dg model can be expressed as
{Ugd =iy Ry +ig - Xg+AUy
Ugg =—lgq- " Re —lgg_ - X + AU,
where Rg and Xg are resistance and reactance of Zg
respectively.
By ignoring Rg, (11) can be simplified as

{ i Sl Xo + AU, 2

(11)

Ug =—iga - X + AUy,

As a result, the required negative-sequence current of PMSG
system can be expressed as

iy =(Ugs AU ) /X

i =(AUg —Ug /%

From (13), if the voltage unbalance factor and the output
active power are both at lower values, the required
negative-sequence currents iy and iy, of GSC could be
generated to fully compensate the negative-sequence voltage at
the terminal of the PMSG-based wind farm, and they can be

expressed as
{ng*- = _Augd-/xe (14)
i =AUy /X,

However, if the VUF at PCC is high or the PMSG systems
work at high power generation condition, the
negative-sequence voltage at the terminal of PMSG-based
wind farm cannot be controlled to zero, which demonstrates
the aforementioned theoretical analysis. In addition, because
of the unknown parameters of the transmission lines, the
accurate negative-sequence current reference could not be
achieved in such a case. To solve this problem, an improved
negative-sequence voltage and current double closed-loop
control scheme is designed in this paper.

(13)

If the negative-sequence voltage at terminal of PMSG-based
wind farm can be controlled to zero within the limitation of the
negative-sequence current, the optimal negative-sequence
current phase angle and the corresponding references can be
obtained by the outer negative-sequence voltage control loops,
which is defined as Mode 1.

The regulation values generated by the PI controllers in
negative-sequence voltage control loops are the required
negative-sequence current I, and I, to fully compensate the
negative-sequence voltage, which can be expressed as

Iy =[K, (75 +1) /1 78](0-Uy, )
Iy =K, (55 +2) 1 78](0~Ugq.

Where K, and z; are proportional coefficient and integral time
constant of PI controllers in the negative-sequence voltage
control loop respectively.

However, when the VUF at PCC is high or the PMSG
systems work at high power generation condition, the
negative-sequence voltage at terminal of PMSG-based wind
farm cannot be fully compensated. In this case, one or both of
the PI controller regulation values in the negative-sequence
voltage control loops will be limited by the controller
limitation, which indicates that the optimal negative-sequence
current phase angle cannot be obtained by outer
negative-sequence voltage control loops. As a consequence, an
improved control strategy is investigated in this paper to obtain
the optimal phase angle 6, and the corresponding references
for achieving the optimal VUF at PCC under such condition.

As can be seen from Fig.3, when zero negative-sequence
current is injected, the negative-sequence voltage at terminal
of PMSG-based wind farm is defined as Uy, and it can be
expressed as

(15)

231 I(Zy + Zgy)
23
From (16), U, and Ug are in the same phase when all line

resistors are ignored. As a result, the phase angle of U;. can be
expressed as

a=arctan(Up, [Upy )=arctan(Ug Uy, ) (A7)

where « is the phase angle of Ug, related to d axis of the
negative-sequence synchronous rotating reference frame.

As shown in Fig. 4, when the amplitude of
negative-sequence voltage at terminal of PMSG-based wind
farm (U, |) reaches its minimum value, the term -i, -Zg is
phase-reversed with the voltage vector U,. In other words, the
optimal VUF at PCC can be achieved if i, -Z¢g and Ug. are in the
same phase, and the negative-sequence current phase angle is
the optimal phase angle, which can be expressed as

O =arctan (i, [igy )=at —% (18)

where Oy is the optimal negative-sequence current phase
angle, related to the d axis of the negative-sequence
synchronous rotating reference frame.

Based on the calculated phase angle 6Oqy, the
negative-sequence current references can be obtained by (19)
for achieving the optimal VUF at PCC. As analyzed above, the
optimal negative-sequence current phase angle 6,y and
corresponding references can be obtained according to

Ug_O— :U57 :ﬂU57 (16)



Equation (16)-(19) and the sampled negative-sequence voltage
U, before negative-sequence current being injected under
such condition, which is defined as Mode 2.

{lg; =l gy +COS O, 9)

e
lgq- = lgm_ -SING,y

For the inner negative-sequence current control loop,
according to (2), the dg-axis control voltages in the
negative-sequence rotating reference frames can be deduced as

o = Ko (7us+1) /148 (197 —ige )~ @lyigg +Ugy.
=[ Ko (75 +1)/78 (10 —ige ) +AVye.
w- =Ko (mus +1) /15 ](1gq- —igg- ) +ealyigg +Ugq

=Ko (7 +1) /148 |(1g. —igq- ) +AV,q
Where K, and z; are proportional coefficient and integral time
constant of PI controllers in the negative-sequence current

(20)

control loop respectively, and AV, & AV, are compensating
voltages of d and q axes for decoupling control respectively.

The overall control block diagram of GSC in PMSG system
during network unbalance is shown in Fig. 5. If the
negative-sequence voltage at terminal of PMSG-based wind
farm can be fully suppressed within the limitation, the
reference values of the negative-sequence current should be
calculated with Mode 1 for achieving the optimal VUF at PCC
(the optimal value is zero under this condition). On the other
hand, once one or both of the PI controller regulation values in
the negative-sequence voltage control loop is limited by the
controller limitation, Mode 2 should be adopted to calculate
the negative-sequence current references for achieving the
optimal VUF at PCC.
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Fig. 5 Control block diagram of GSC in PMSG-based wind farm under unbalanced grid voltage condition.

B. Impact of Transmission Network Impedance
As the PMSG system is controlled to reduce its terminal

voltage unbalance, according to (10), the respective
expressions can be obtained as
i = L +LstLegic u-
L (Lt trgs )+ L (L + L)
FSIG 2 FSIG
L + Lesio U,
Dd-
Ll(L2+L3+LFSIG)+L3(L2+LFSIG) (21)
- L+l +lege -
lya- = ‘ngf
Li(L2+L3+LFSIG ) +L, (Lz + LFSIG)
+ Ly + Legio u;
Ll(L2+L3+LFSIG)+L3(L2+LFSIG) "

where all the line resistor values are ignored, and L,, L,, Ls,
and L) are inductances of Z,, Z,, Z3 and Zgsg respectively.

Assuming the negative-sequence voltage at terminal of
PMSG-based wind farm can be decreased to zero, the required
d-axis and g-axis negative-sequence current amplitudes can be
expressed as

ol
L + Ll
L *+Legie

Vo |

‘L
Ly +lese (22)

. 1 [
1. |= U
o | e |
L, L.
Ltlese  Litlegs

+L,

From (22), the required negative-sequence current for fully
compensating the unbalanced voltage at the PMSG terminal is
affected by the impedances of the transmission network.
Equation (22) indicates that L; and L3 have a positive effect,
whereas L, and L have a negative effect on the reduction of
voltage unbalance at the PMSG terminal. In other words, the
further the PMSG-based farm is located to the fault location,
the lower required negative-sequence current, and the more
significant the control will be on negative-sequence voltage
compensation at the PMSG terminal. In addition, the smaller
the negative-sequence impedance of FSIG system, the lower
required negative-sequence current, the better the unbalance
voltage compensation at the PMSG terminal.

V. EXPERIMENTAL STUDIES

As analyzed in Section I1, hybrid wind farms with FSIG and
PMSG can be equivalent to a wind power system combining a
PMSG-based wind turbine and a FSIG-based wind turbine
with the corresponding rated capacities respectively.
Consequently, the experimental hybrid generators-based wind
power system made up by a PMSG and a FSIG is conducted
for verifying the correctness of the theoretical analysis and
effectiveness of the proposed control scheme. The schematic
diagram and the setup of the experimental system are shown in
Fig. 6 and Fig. 7 respectively, and the detailed parameters of
the test system are given in Appendix A.



As shown in Fig. 6 and Fig. 7, PMSG and FSIG are driven
by an induction motor and a DC motor respectively, and the
grid voltage unbalance is generated by using a voltage divider
made of series and parallel inductors. In addition, due to the
short transmission lines between PCC and the wind power
system can be neglected, the PCC voltage is equal to the
terminal voltage of PMSG in the experimental system.
Therefore, the PCC voltage can be controlled directly by
PMSG under grid voltage unbalance condition. During the
experiment, the whole system works under a small grid voltage
unbalance condition, and the VUF at PCC is about 3%. The
average output active power of FSIG system is set at 2.4 kW
(0.45 p.u.), and the DC link voltage of the PMSG system is

controlled at 650 V.
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Fig.6 Schematic diagram of the experimental system.
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Fig.7 Experimental setup in the lab.
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In order to verify the theoretical analysis in Section Ill, the
experimental work by varying negative-sequence current
phase angle from 0 to 2z with 0.36 p.u. average active power
output of PMSG system is carried out, and the measured
waveforms are shown in Fig. 8. As seen from Fig. 8(e), Fig.
8(c) and (g), Fig. 8(d) and (h), when the phase angle of the
negative-sequence current injected to the grid varies from 0 to
2m, the VUF at PCC (J,,) and the peak-to-peak pulsation values
of the electromagnetic torque and reactive power output of
FSIG system (T and Qg) vary as cosine law, which
demonstrates the analysis mentioned in Section Il.
Meanwhile, there exists an optimal phase angle to make the
VUF at PCC (d,,) drop to the minimum value, which also leads
to the peak-to-peak pulsation values of the electromagnetic
torque and reactive power output of FSIG system (T and Qg)
to the optimal values. In addition, it is can be seen from (f) of
Fig. 8, the output current of PMSG system (ig) is asymmetric
because of the negative-sequence current generated by the
GSC.

To verify the effectiveness of the proposed control scheme,
experiment is conducted with the proposed control scheme
with 0.36 p.u. average active power output of PMSG system,
as shown in Fig. 9. As can be seen from Fig. 9(e), with the
proposed control strategy, the VUF at PCC (J,) is drop to
1.62%, which is corresponding with the optimal value shown
in Fig. 8(e). Compared with Fig. 8(g) and (h), Fig. 9(g) and (h)
also show that the peak-to-peak double supply frequency
oscillations in the electromagnetic torque and output reactive
power of FSIG-based wind farm (T and Qg) can be decreased
to optimal values, which means that the proposed control
strategy effectively mitigates the VUF at PCC (J,) and
improves the operation performance for the FSIG system.
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Fig.8 Experimental results by varying phase angle of negative-sequence current with 0.36 p.u. average active power output of PMSG system.
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Fig.9 Experimental results with proposed control strategy with 0.36 p.u. average active power output of PMSG system.
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ig.10 Experimental results with proposed control strategy with 0.88p.u. average active power output of PMSG system.

For contrast, experiment of the hybrid generators is further
done at 0.88p.u. average active power output of PMSG-based
wind farm with 3% VUF at PCC, as shown in Fig. 10. Due to
the maximum amplitude of negative-sequence current (ig.) is
mainly limited by the average active power output under such
condition, which leads to higher VUF at PCC (d,), as shown in
Fig. 10(e). Accordingly, the double supply frequency
oscillations in electromagnetic torque and reactive power
output of FSIG-based wind farm (T and Q) cannot be drop to
the degree compared with those in Fig. 9.

Experimental results shown above demonstrate that the
proposed control strategy can control VUF at PCC to the
optimal value, which effectively decreases the peak-to-peak
double supply frequency pulsations in electromagnetic torque
and reactive power output of FSIG system. As a consequence,
the operation performance of FSIG system can be effectively
improved by utilizing the proposed control strategy during
network unbalance.

To further illustrate the robustness of the proposed control
strategy, the system response with both a step change of
average active power output and VUF at PCC are carried out.
Fig. 11 shows the experimental results when a step change of
PMSGs’ average active power output from 0.88 p.u. to 0.36
p.u. at 4s with 3% VUF at PCC. As shown in Fig. 11(e), when
the output average active power of PMSG steps during the
operation process of the experimental system, VUF at PCC (J;,)
can be controlled to 2.76% and 1.59% with a step change of

active power respectively, which are the optimal values
compared with those in (e) of Fig. 9 and Fig. 10. The VUF at
PCC (J,) and the peak-to-peak pulsation values in
electromagnetic torque and reactive power output of
FSI1G-based wind turbine (T and Q) can also be controlled to
the optimal values simultaneously, as can be seen by
comparing Fig. 11(g) and (h) with those in Fig. 9 and Fig. 10.

Experiments with variable VUF at PCC at 0.88 p.u. average
active power output of the PMSG system with the proposed
control strategy are shown in Fig. 12. During the whole
operation process, the VUF at PCC is changed from 3% to
0.6% at 4s, and the PMSG system is controlled to mitigate the
VUF at PCC with the proposed control strategy. It is obvious
that the operation performances of the hybrid wind power
generation system with the variation of VUF at PCC are nicely
demonstrated. With the proposed control strategy, as can be
seen in Fig. 12(e), the VUF at PCC (d,,) can be controlled to
2.76% and 0.49%, which are the optimal values compared with
that in Fig. 10(e). At the same time, as shown in Fig. 12(g) and
(h), the peak-to-peak pulsation values in the electromagnetic
torque and reactive power output of FSIG system (T and Q)
can also be decreased to the minimum values, as compared
with those in Fig. 10(g) and (h). From Fig. 11 and Fig. 12, it
can be concluded that the proposed control strategy achieves
the satisfactory dynamic and robust performance, which is
greatly benefit for improving operation performance of FSIG
system under unbalanced grid voltage condition.
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Fig. 11 Experimental results with proposed control strategy when average active power output of PMSG system steps with 3% VUF at terminal of PMSG system.
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Fig. 12 Experimental results with proposed control strategy when VUF at terminal of PMSG system steps with 0.88 p.u. average active power output of PMSG

system.
V1. CONCLUSION

A hybrid wind farm with PMSG-based wind farm and
FSIG-based wind farm under unbalanced grid voltage
condition has been researched in this paper. The limit of
negative-sequence current output of PMSG-based wind farm
in a hybrid wind farm has been deduced, and the impacts of
phase angle of the negative-sequence current on amplitude of
negative-sequence voltage at PCC have also been analyzed.
Furthermore, the improved control strategy of injecting
negative-sequence current by the designed negative-sequence
voltage and current double close-loop control scheme in
PMSG system has been developed for compensating the
unbalanced voltage. The theoretical analysis indicates that the
amplitude of negative-sequence current of PMSG is limited by
both active power output and DC link voltage of the PMSG
system. In addition, the proposed improved control strategy
can effectively mitigate VUF both at PCC and terminal of
PMSG system to the optimal values under any unbalanced grid
voltage condition, and the peak-to-peak double supply
frequency pulsations in active and reactive power output of
FSIG system can be effectively minimized. The theoretical
analysis and proposed improved control strategy have been
validated by experimental tests. The results show that the
proposed improved control strategy can significantly improve
the operation performance of FSIG system during network
unbalance. It is noteworthy that, the theoretical analysis
method and the improved control strategy presented in this
paper can also be suitable for hybrid wind farm and other
energy system based PWM converters, i.e., instance
electrically excited synchronous generators, induction
generators with full scale converters or photovoltaic power
system, and the operation performance of entire hybrid energy
system mentioned above will be significantly improved.

APPENDIX A

EXPERIMENT SYSTEM PARAMETERS
PMSG system parameters:
1) ratings: Sp=9 kW, f,=50 Hz, U,=380 V (line to line rms), n,=15 r/s;
Vpc=650 V;
2) stator resistance:0.09 p.u.; 3) inductance: L4=0.78 p.u., Lq=1.07 p.u.
4) reactor: L4=0.1982 p.u.;  5) DC link capacitor: 1100 uF;
6) switching frequency: 12 kHz;
FSIG system parameters:
1) ratings: Sp=5.5 kW, f,=50 Hz, U,=380 V (line to line rms), n,=24 r/s.
3) stator leakage inductance: 0.056p.u.

5) rotor leakage inductance: 0.0187 p.u.

2) stator resistance: 0.234p.u.
4) rotor resistance: 0.374p.u.
6) magnetizing inductance: 1.61p.u.
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