Aalborg Universitet
AALBORG UNIVERSITY

DENMARK

On Aggregation Requirements for Harmonic Stability Analysis in Wind Power Plants

Dowlatabadi, Mohammadkazem Bakhshizadeh; Hjerrild, Jesper ; Kocewiak, ukasz; Blaabjerg,
Frede; Bak, Claus Leth

Published in:
Proceedings of 16th Wind Integration Workshop

Publication date:
2017

Document Version
Accepted author manuscript, peer reviewed version

Link to publication from Aalborg University

Citation for published version (APA):

Dowlatabadi, M. B., Hjerrild, J., Kocewiak, ., Blaabjerg, F., & Bak, C. L. (2017). On Aggregation Requirements
for Harmonic Stability Analysis in Wind Power Plants. In Proceedings of 16th Wind Integration Workshop
Energynautics GmbH.

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 vbn@aub.aau.dk providing details, and we will remove access to
the work immediately and investigate your claim.

Downloaded from vbn.aau.dk on: August 23, 2021


https://vbn.aau.dk/en/publications/2064bf6c-d521-4fab-9bf1-d4afd5621de8

This paper was presented at the 16th Wind Integration Workshop and published in the workshop'’s proceedings

16th Int'l Wind Integration Workshop | Berlin, Germany | 25-27 October, 2017

On Aggregation Requirements for Harmonic Stability
Analysis in Wind Power Plants

Mohammad Kazem Bakhshizadeh, Jesper Hjerrild,

Lukasz Kocewiak
Electrical System Analysis
DONG Energy Wind Power A/S
Fredericia, Denmark
Email: {modow, jeshj, lukko }@dongenergy.dk

Abstract— In harmonic stability studies, stable operation of a
power system must be ensured at any possible configuration.
This leads to a large number of cases due to the high number of
components in a power system. An aggregated model can be
used to lower the complexity and to reduce the number of
different cases. In other words, several similar converters (e.g.
Wind Turbine Generators) can be replaced by a converter with
larger ratings. In most cases, aggregated models work well for
stability studies, however, in some cases the aggregation might
result in a wrong evaluation of stability. The aggregation
reduces the complexity of the system by removing some state-
variables of the overall system matrices; however, sometimes
these removed variables contain some important information
about the stability of the system. In this paper this problem is
shown by a case study and it is evaluated by different methods,
and a solution is also proposed.

Keywords-Aggregation; Harmonic stability; Model Order
Reduction; Voltage Source Converter; Wind Power.

l. INTRODUCTION

Power electronic converters offer more efficiency and
more controllability to modern wind power plants [1]-[3] but
at the cost of additional harmonics. The harmonics may
trigger the parallel and series resonances in the power
system [4]. The power converters may also interact with each
other or other passive elements such as cables and
transformers, and this might lead to instability [5], [6].
Therefore, the stable and proper operation of the windfarm
must be verified at different situations in the design phase by
using the harmonic analysis methods.

The Wind Turbine Generators installed in Wind Power
Plants are generally voltage source converters, which are
connected in parallel through some passive harmonic filters
and array cables. In [7] and [8] it has been shown that the
stability analysis of multi-paralleled converters is a bit
different from single converter systems, and in some cases
internal resonances might happen. This is very similar to a
case where a group of WTs are considered as one converter
to speed up the simulation and simplify the stability analysis.
However, [7] and [8] have considered a case where all
converters are solidly connected to the Point of Common

Frede Blaabjerg, Claus Leth Bak,

Department of Energy Technology
Aalborg University
Aalborg, Denmark

Email: {fbl, clb }@et.aau.dk

Coupling (PCC) and have not considered the effects of the
connecting power cables/lines.

In a large power system, which consists of many active
and  passive elements, the resulting transfer
functions/matrices are of high order due to a high number of
elements. To overcome this, an aggregated model can be used
to combine some elements into a new element with the same
dynamical order but with adjusted parameters [3]. For
instance, Fig. 1 (a) shows two similar converters, which are
connected to the PCC using similar cables. The new
aggregated model can simply be replaced by changing the
parameters as follows:

Zy =2y 2y, =2,/2 1)
Yc = Ycl + YCZ = ZYcl (2)

where, Y. is the equivalent admittance of the converter, which
includes all passive and active components, and Z; is the cable
impedance.
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Fig. 1. The considered power system: (a) full detailed representation (b)
simplified (aggregated) representation.
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In this paper the use of aggregated models for stability
studies is investigated and some problems are reported in
using them. The problem is studied thoroughly using different
stability evaluation methods and the origin of the problem is
identified and a method is proposed to avoid a wrong
evaluation of the stability of the system.

Il.  PROBLEMS WHEN AGGREGATION IS USED

Equation (3) shows the relationship between the node
voltages in an electrical circuit with the currents injected to
the nodes (see Fig. 2).

I (s) Y11(s) Yim(s) Yir(8) [ V1 (S)
()| = [Tm1 () = Yum(8) Yo |[Vin(®)
In (S) Ynl:(s) Ynm (S) Ynn:(s) Vn(s)

3)

In this power system, the current set points are inputs and
the node voltages are outputs of the control system, which can
be interpreted as a Multi-Input Multi-Output (MIMO)
system. Equation (4), which is actually the impedance matrix
of the system, defines the transfer matrix of the system.

V()] = [Z][I(s)] (4)

The impedance matrix (Zgus) of the system shown in Fig.
1 (a) can be calculated by simply inverting the admittance
matrix (Yguys) that is:

Nodes Con, Con, PcC
Y. = Con, Yoo +Y, 0 —¥y
bus = Con, 0 Yoo + 1 =Y
PCC =Y =Y Yu+Y, + Yg

(%)

where, Y is the equivalent admittance of the i" converter
including all passive elements and controllers, Yy is the
equivalent line/cable admittance, and Yg is the grid
admittance plus the load admittance. It can be seen from (6)
that all elements have the same characteristic equation, i.e.
the same poles.

If the system is symmetrical, i.e. identical converters and
identical cables, then the elements of the new impedance
matrix as written in (7) do not have the same poles (see the
highlighted elements) due to some pole/zero cancelations.
The transfer matrix of the aggregated system can also be
expressed as:

Fig. 2. Voltages of the nodes and currents injected to them.

T
Jil
o]

. abc

Limiter

Fig.3.  Internal control structure of the converter.
TABLE I. THE PARAMETERS OF THE CONSIDERED POWER SYSTEM
Symbol Description Value
fow Sampling frequency [kHz] 10
Ve DC-link voltage [V] 750
Lt Inverter side inductor of the filter [mH] 0.87
Ct Filter capacitor [uF] 22
Lg Grid side inductor of the filter [mH] 0.22
I Parasitic resistance of L; [mQ] 11.4
ree Parasitic resistance of C; [mQ] 75
lg Parasitic resistance of L [mQ] 2.9
R Damping resistance [Q] 0.2
Kp Proportional gain of the controller 5.6
Ki Integrator gain of the controller 1000
Vy Grid voltage (phase-ground) rms 220
Rg Grid equivalent resistance [Q] 0.1
Ls Grid equivalent inductance [mH] 3
L1 Inductance of Cable 1[mH] 0.3
L2 Inductance of Cable 2[mH] 0.3
Rioad Load resistance [Q] 40
Aaggr= YCYg +2Y.Y, + Yng

It is clear from (8) that if one uses the aggregated model
for stability evaluation some dynamics of the system cannot
be observed, and if the hidden pole is unstable, then the
stability evaluation is wrong. It must be noted that the same
conclusion can be made by the Impedance-Based Stability

1 v, +2y Y, Analysis (IBSA) since it uses the impedance seen from the
Zyys = —— i ichi
bus Bugar [ Y, Y, + Yz] (8) aggregated WT terminal, which is Z1 4 of (8) [6].
(Yoo + Yp) (Vi +Y,) + Yoo YV Y, Y Y (Yer + Vi)

1
Zpus = V¥

A
Full
¢ Yy (Ve + Vi)

(Ycl + Yll)(ylz + Yg) + Yclyll
Yo (Yer + Vi)

Yio(Yer + Y1) (6)
(Ycl + Ytl)(YCZ + YLZ)

Afull: Yclycz}{g + Yclyc‘ZYtl + Yclyc‘ZYLZ + YclngLZ + YcZYthl + Yc1Yt1Ytz + YCZ Y[1Yt2 + YgYHYtZ

(Y, + Yt)(Yt + Yg) + .Y le Y,
) 0 + 1) 0+ 1)
A = — 2
bus =3 Y, Y+ )M +Y,) +VY, v )
(Yo +Y) (Yo + 1)
Y, Y, Y. +1)

Dgym= Y.Y, +2Y.Y, + Y Y,



16th Int'l Wind Integration Workshop | Berlin, Germany | 25-27 October, 2017

To verify the reported problem of aggregation, a case
study of the system shown in Fig. 1 with the parameters listed
in Table I is presented. A proportional resonant controller as
shown in Fig. 3 is used to control the output current. The
admittance of the shown converter [6] is

ZepZig+ ZopZig+ ZifZ1g + GGpwmZer
where, G is the current controller transfer function, and
Gpwm models the PWM delay. The two converters can be
aggregated into one converter with the parameters as
Z'Lf :ZLf/Z, Z'Lg =Zy,/2
ZCf =ZCf/2' Gc = Gc/z

Y

(10)

Gpwm = Gpwm
Fig. 4 shows the pole plot of the considered case study for
both full and aggregated models. It can be seen that there are
two unstable poles in the full system that are not observable
in the aggregated model. The impedance based stability
analysis also gives the same conclusion. It must be noted that
the Nyquist diagrams as shown in Fig. 5 do not encircle the
critical point (the blue curve encircles twice; however in two
different directions, therefore, the total number of
encirclements is zero). However, there are some Right Half
Plane (RHP) poles in the open loop transfer function of the
full system, therefore, the Nyquist stability criterion states

that the system should be unstable.

The system is predicted to be stable when an aggregated
model is used. Therefore, it is interesting to see these results
by means of time domain simulations that are done in PLECS
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Fig. 4. Poles of the considered case study.
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Fig. 5. Nyquist diagrams of the IBSA for the considered case study.

software. Fig. 6 shows that when the aggregated model is
used the system works stable, while the full model is unstable.

To prove that the origin of this instability is inside the
aggregated model, a participation factor analysis is performed
[9]. Table Il shows the two most poorly damped poles of the
system and the contributors to them. It can be seen that the
state variable of the external network (current of the grid
inductance in here) has no impact on the unstable pole pair.
Furthermore, the mode shapes (corresponding right
eigenvector) of the unstable poles reveal that this instability
is because of the internal oscillation between the two
converters [9]. The mode shapes as listed in Table I1l show
that the two converters are oscillating against each other
(180° phase shift) for the unstable pole but they behave
similarly to the stable pole. Thus, it can be concluded that
since the inverters have a similar behavior to the second pole
the aggregation can be used for studying that pole. However,
the aggregation cannot be used for the unstable pole. This
conclusion can also be done from Fig. 4.

I11.  PROPOSED METHOD

To avoid this wrong evaluation in using aggregated
models, a step-by-step method is suggested. It has been
shown in (7) and (8) that the polynomial (Yc+Y)) is the main
difference between the full and aggregated models, and if this
polynomial has some unstable roots, then the system is
internally unstable. This polynomial is not dependent on the
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Fig. 6. Output currents of (a) Inverter 1 in full model (b) Inverter 2 in
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TABLE II. CONTRIBUTORS TO THE MOST CRITICAL POLES
S — Poles | 470.949225] 1127421
Inverter 1 46% 49%
Inverter 2 46% 49%
Full model Grid 0 1.5%
Cable 1 4% 0.05%
Cable 2 4% 0.05%
Inverter | ————" 0.98
Aggfg;te‘j Grid 0.015
Cable | ——— 0.001
TABLE Il MODE SHAPES OF THE CONVERTERS
Poles . .
State variables 470.9+9225j -11-7421j
Inverter 1.s2 0.76£-1.5° 0.19£-21.6°
Inverter 2.s2 0.762178.5° 0.19£-21.6°
Inverter 1.s4 0.37218.8° 0.382165.2°
Inverter 2.s4 0.37£-161.2° 0.384165.2°
Inverter 1.s5 0.16252.0° 0.762169.4°
Inverter 2.s5 0.162-128.0° 0.762169.4°
Inverter 1.s3 0.082-119.6° 1.0527.3°
Inverter 2.s3 0.08260.4° 1.0527.3°

external network, therefore, if the subsystem is stable (or has
enough damping) alone, the aggregation can be used safely.
The closed-loop transfer matrix of the first step as shown in
Fig. 7 is

1 10
Zbus_m[o 1] (11)

Therefore, if the stability is ensured inside any aggregated
model, the possible pole/zero cancellation cannot create any
instability. Fig. 8 shows that there is an unstable pole pair in
the aggregated system and if aggregation is used, these poles
might be concealed. These poles are exactly moved to the full
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Fig. 7. Investigating the stability of the aggregation of the systems
alone.
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Fig. 8. Internal poles of the aggregated system as shown in Fig. 6.

model (see Fig. 4) because they do not depend on the external
network.

IV. CONCLUSION

When an aggregated model is used, the focus is only on
the external behavior of the subsystem, and the internal
dynamics of the system might be concealed. If the subsystem
is internally unstable then the instability cannot be predicted
by the stability assessment methods for the aggregated
system, and this increases the chance of harmonic pollution
and instability in the system. In this paper, this problem is
reported for a multi-converter system and a solution is
proposed to foresee the problem. The Impedance Based
Stability Criterion and Eigenvalue-Based Stability Analysis
methods are used for the stability evaluation, and the possible
instability is identified by means of eigenvector analysis. A
step by step method is proposed to first analyze each
aggregated model from a stability perspective. Then, if the
subsystem is stable enough, the aggregation can be used
safely for system studies.
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