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ABSTRACT

Small-signal interaction between the power grid and converter-based generators is an

issue that will become ever more present with the introduction of additional renewable

generation year after year. A proven tool to predict, analyze and help mitigate these inter-

actions is the use of impedance-based stability through the use of small-signal models

obtained through the use of harmonic linearization. The derivation of these models is com-

plex and considerable effort must be made to obtain clean models that represent all the

dynamics of interest. This theory has been used in the past to model and analyze voltage

source converters (VSC) in a wide variety of configurations, both on paper and in actual

hardware. 

This thesis presents the continuation of these modeling efforts by deriving the imped-

ance models for type-III wind turbines and using the results to analyze and mitigate sub-

synchronous resonance between the turbine and a series-compensated grid. The modeling

approach leverages the fact that the dc bus voltage will hardly react to a small-signal volt-

age perturbation on the ac terminals to separate the turbine impedance into two parallel

terms. One of these terms is modeled as a VSC behind an inductor, but the other converter

is represented as a VSC behind the induction machine. Modeling the effects of the induc-

tion machine on this second VSC by means of harmonic linearization is the main contribu-

tion of this thesis. 

These results are then validated and used to propose impedance-based mitigation strat-

egies. The most successful, and promising, damping method emulates a virtual impedance

on the power circuit by introducing an additional current control loop into the current con-

troller. This current loop is filtered so that it doesn’t react to the fundamental or switching

frequency. The additional damping loop is tuned based on the desired phase margin

between the turbine and grid impedance. 



CHAPTER 1  INTRODUCTION

This thesis presents the development of small-signal, sequence-impedance models of

type-III wind turbines using harmonic linearization. These models are then used to ana-

lyze stability issues of grid-connected wind turbines and solutions based on modifying the

terminal impedance are proposed. This chapter is organized as follows, subsection 1.1

shows the use of harmonic linearization to obtain the input impedance of switching

devices, subsection 1.2 discusses how the impedance models are used to study the small-

signal stability of a given system, subsection 1.3 presents small-signal stability issues

involving type-III wind turbines, subsection 1.4 outlines the rest of this thesis.  

1.1   Small Signal Modeling

The recent shift in power systems that has brought a significant increase in the use of

renewable energy sources into the grid, has also brought unexpected downsides. Among

the, the real and practical problem of resonance and small-signal stability. These renew-

able energy sources are interfaced to the grid through power electronics, usually grid-con-

nected inverters, and this introduces possible resonance problems into the system. The

power systems standards include limits on the harmonics that are allowed to be injected by

the power electronics. Even if the inverters themselves are not a source of harmonics, the

interaction between the grid and the inverter may lead to harmonic resonance, or in more

severe cases instability.

 The inverter should not inject harmonics when connected to an ideal power grid and

the grid is assumed to not suffer harmonic resonance when the inverter is not con-

nected.Under these assumptions, the instability problem can been explained as originating

from an impedance interaction between both systems. Analysis criteria have been devel-

oped that work with in-depth analytical models of the impedance as well as with imped-

ance scans at the interconnection terminals. In either case, the small-signal frequency
1



impedance is needed for both the source and the inverter. The system stability can then be

determined as will be explained in the following subsection.

Modeling work has been done on the grid-connected inverter, specifically the three-

phase voltage source converter (VSC). This three-phase, two-level bridge is driven

through a pulse-width modulated (PWM) signal from the system controls. These controls

use current measurements and grid synchronization signal from the PLL to generate an

appropriate pulse train to drive the switches in accordance with the chosen set-point sig-

nals. The current controller is usually implemented in the dq-domain and uses a PI regula-

tor. 

The small-signal modeling of this system is not straight forward because of the non-

linearity in the form of the dq transformation and the PLL and lack of dc operating point.

In traditional forms of power electronics, this system would be linearized by obtaining the

small-signal response around a dc-operating point. Three-phase VSC systems operate on a

AC trajectory without a dc operating point, therefore another approach to the modeling

must be developed. 

Some traditional approaches to the linearization in power systems would involve

either phasor- or dq-domain based modeling. There is enough literature outlining the prob-

lems with these two approaches [1-3], with the following downsides highlighted for each

of these methods. 

For the dq-transformation method:

• The models for both d- and q-axis are usually strongly coupled.

• This method cannot be used for unbalanced system because the 0-axis cannot be 

linearized. 

• A single reference speed for the rotating frame must be chosen, therefore harmonic 

and sub-harmonic frequencies are still time-varying. 

The downsides of modeling through the phasor approach are as follows:
2



• The phasor models are valid only up to the fundamental frequency.

• System order will be significations higher due to the need of representing each 

variable using two phasor variables, for example magnitude and angle. 

• The models cannot be transformed so that they are useful for impedance-based sta-

bility studies.

A new method needed to be proposed to model the impedance of complex systems

over a wide frequency range and that remained valid when the physical variables were

composed of fundamental and harmonic frequencies. Harmonic linearization of the con-

verter, as reported in [2-3], solves this problem by developing the impedance models

along a time varying and periodic trajectory. This method involves exciting the system

through superimposed small-signal perturbations, following this perturbation mathemati-

cally through the system to obtain the complete frequency domain response and finally

extracting the frequency components in the final response associated to the perturbation. 

The harmonic linearization method has proven to be flexible and accurate in modeling

complex power electronics systems including single phase power factor converters (PFC)

[4-7], multi-pulse rectifiers [8-11], line commutated converters (LCC) [12-15], LCC for

high-voltage DC (HVDC) [16-18], and grid connected inverters [19-24]. This methodol-

ogy has been also used in [24] to take into account the modeling of the VSC using syn-

chronous reference frame (SRF)-PLL and second-order generalized integrator frequency-

locked loop (SOGI-FLL). 

This method is algebraically complex and a perturbation at a single frequency may

soon expand to multiple resulting frequencies and include both negative- and positive-

sequence components. The time domain nonlinearity that are present in the multiplications

of the dq-transformations, or in the dc output of a rectification stage, have to be mapped in

the frequency domain. Moreover, these elements are mapped as frequency domain convo-

lutions.
3



The three-phase VSC with SRF-PLL represents the current state of the art in small sig-

nal modeling of power electronics for stability studies. When modeling power electronics

converters, the excitation to the system is a small voltage superimposed on the ac funda-

mental voltage of the converter terminals. This perturbation is then tracked through the

PLL and current controllers to find the terminal currents at the same frequency. The ratio

of excitation voltage to current response is the impedance of the converter. 

1.2   Impedance Stability Analysis

Knowing the impedance of the grid and converter, either measured or modeled analyt-

ically, is only the first step in the stability studies. These impedances must then be used in

an appropriate way to actually determine how stable the system is at a wide range of fre-

quencies. The ratio of the converter impedance to grid impedance may be used to deter-

mine stability of the system according to the impedance models. The small-signal

representation of a three-phase system, separated into uncoupled positive- and negative-

sequence impedances is shown in Fig. 1. 1. From this diagram the voltage equations can

be rearranged in the following way:

(1.1)

(1.2)

Fig. 1. 1:  Positive- and negative-sequence representation of the small-signal converter-grid 
circuit in [23]. 
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(1.3)

(1.4)

where,

•  is the positive-sequence inverter current.

•  is the negative-sequence inverter current.

•  is the positive-sequence inverter voltage.

•  is the negative-sequence inverter voltage.

•  is the positive-sequence reference current.

•  is the negative-sequence reference current.

•  is the positive-sequence grid voltage.

•  is the negative-sequence grid voltage.

•  is the positive-sequence inverter impedance.

•  is the negative-sequence inverter impedance.

•  is the positive-sequence grid impedance.

•  is the negative-sequence grid impedance.

It is assumed that the inverter will be stable in both positive and negative sequence

when connected to an ideal power grid with zero impedance. It is also assumed that the

grid will be stable when connected to an ideal converter with infinite impedance. These

two assumptions are valid because it is practical to assume the power system will not be

unstable before connecting the converter and it is also reasonable to assume the converter

is designed in such  way that it will be stable when connected to an ideal voltage source.

Observing (1.1)-(1.4) and taking into account the previous assumptions, it is seen that the

left-hand brackets of all four equations are stable, and that the stability criterion must be

applied to the following:

(1.5)

Vp s  Zgp s Irp s  Vgp s +  1
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----------------------------------------=
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(1.6)

Both terms resemble the closed loop transfer function for negative feedback controls.

Then, the overall system stability may be evaluated by borrowing stability criteria from

within control systems theory. Specifically, the Nyquist stability criterion will be used on

the ratio of the grid impedance to the converter impedance to determine the stability of the

system. Both the negative- and positive-sequence impedance ratios must be stable for the

overall system to be stable. 

1.3   Subsynchronous resonance in Power Systems

Subsynchronous resonance (SSR) is a long-known phenomena of power systems that

has been mentioned in the literature as far as 1937 as seen in [25], where the authors ana-

lyzed self-excitation and low frequency oscillations electrical machines, including syn-

chronous and induction machines connected to series capacitors. The study of self-

excitation of machines was expanded into power systems in 1970’s [26], by which point

the focus had centered on synchronous machines in a power system with series compen-

sated lines. The Mohave Generation Station in Nevada had consecutive failure in 1970

and 1971 and it was the first widely known occurrence of SSR in the field. The Mohave

event motivated the research community to look into this problem for the next decade. The

authors in [27] used the grid and generator impedance to determine the subsynchronous

resonant frequency for the overall system and map the current oscillations on the system

side into torque oscillations on the rotor side. This rotor oscillations may excite mechani-

cal modes of the shaft and make the system unstable. In 1977 IEEE released a benchmark

[28] to study SSR problems in more realistic power systems, as well as case studies based

on the Navajo Generating Station. By the end of the decade, work on SSR analysis in tra-

ditional power systems, such as [29], was understood well enough to develop mitigation

strategies and a structured analysis to avoid exciting the shaft mechanical modes.

1
1 Zgn s /Zn s +
----------------------------------------
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There has been renewed interest in SSR after an event was detected in South Texas

between two wind systems and a series compensated line as seen in [30]. The previous

approach of considering solely the inductance of the machines or their mechanical modes

was shown insufficient to fully explain this event. These methods are no longer enough

because of the introduction of power electronics, especially in the form of wind turbines,

into the power system.The Mohave SSR event was determined to be caused by the trip-

ping of a line, which connected the wind systems directly to the series compensated line;

the resonance caused overvoltages of over 2 pu and caused damage in the system within

200 ms. The severity of the phenomena has motivated the development of emergency mit-

igation schemes, such as the stopgap screening method in [31] and the STATCOM com-

pensation in [32], but these mitigation methods may still prove insufficient until the

phenomena is completely understood. 

A more complete analysis of SSR has focused on the frequency-domain response of

the wind turbine, but the existing studies have been done with oversimplifications on the

induction machine or the power electronics converters. In [34] the impedance of the

induction generator and the grid as seen from the rotor is taken using a frequency scan

method but the study uses the steady state current and voltage at different frequencies to

represent the converter. This approach is inefficient as it requires solving a complex sys-

tem at multiple operation points any time a change in the converter is made. The author in

[35] attempts to obtain the impedance model of the Type-III wind turbine for SSR predic-

tion, stator-side converter impedance is ignored because it is deemed to be much larger

than the other impedances at SSR frequencies. This simplification is reasonable and well

justified but the authors then choose null controller and feed forward gains so that the con-

verter acts as a constant voltage source, under this assumptions the dynamics of the rotor-

side converter are eliminated. The rotor-side converter affects the dynamic response of the

turbine and ignoring its effects will adversely affect the accuracy and completeness of the

impedance model. The authors of [36] use the previous models and the Nyquist stability

criterion to obtain preliminary results and form the basis through which impedance analy-
7



sis would be used to analyze SSR in type-III wind turbines but a more accurate model

must be developed for this analysis to be trusted. 

1.4   Thesis Scope

The general objective of this thesis is to develop the impedance models of the type-III

wind turbine, considering the controls of the power electronics, the induction machine

effects and grid synchronization through a standard PLL. This work will elaborate on pre-

vious work that has developed models for voltage source converters and full-converter

wind turbines (type-IV) with PLL grid synchronization. The practical applications of this

work will come in resonance studies of type-III wind turbines, with a special focus on sub-

synchronous resonance. With the models developed, the appearance of resonance will be

explained through impedance interaction, and eventually adaptive controls may be pro-

posed for online correction. The outline of this thesis is as follows:

• Chapter 2: In this chapter the models of the induction machine and power electron-

ics converters that are being modeled are introduced. The design and implementa-

tion of the controllers is also detailed. 

• Chapter 3: This chapter includes the main contributions of the thesis. In this chap-

ter, the effects of the induction machine airgap are detailed and the complete wind 

turbine models are developed under various operating conditions. Finally, the ana-

lytical models are validated against the real-time simulations

• Chapter 4: The models developed in the previous chapter are used to analyze SSR 

in the wind turbines, its use as a predictive tool is detailed and the models are also 

used to modify controls in such a way that the resonance is damped. 

• Chapter 5: This chapter concludes the work, summarizes key contributions and 

outlines future research. 
8



CHAPTER 2  WIND TURBINE SYSTEM 

Wind turbines are classified into four major types depending on their operation and

construction. The most primitive of which is a fixed speed wind turbine. These wind tur-

bines use a squirrel cage induction machine connected through a gearbox to the shaft of

the wind turbine. The electrical frequency of the machine is fixed to the grid frequency

and the shaft speed can be modified by use of the different gear ratios. The turbine injects

active power when the shaft speed is slightly faster than the synchronous speed, as it oper-

ates like an induction generator with negative slip. Refer to Fig. 2. 1:a) for the type-I wind

turbine sketch. 

The next wind turbine type introduced is a limited variable speed wind turbine wit a

variable resistance in the rotor. This wind turbine uses a wound rotor induction machine

that changes the rotor resistance to modify the operation point of the machine and allow it

to operate over a wider range of speed. With the change in turbine power curves, gear-box

and pitch angle of the blades, this wind turbine design has a speed range variation of about

10%. Refer to Fig. 2. 1:b) for the type-II wind turbine sketch. 

The type IV of wind turbine is the variable speed, full converter wind turbine. This tur-

bine may use and induction generator, but more commonly it uses a permanent magnet

synchronous generator connected to a full-power back to back converter. This wind tur-

bine can omit the gear box and allow the machine to operate at whatever operating point

results in optimal power and efficiency. The rectifier in the back to back converter will

inject this variable frequency power into the dc link which is then injected into the grid by

the inverter. Fig. 2. 1:d) shows the type-IV wind turbine. 

Type-III wind turbines use a partial, back to back power converter connected between

the stator and the rotor of a wound rotor induction machine, also called a doubly fed

induction generator (DFIG). The partial power converters are bidirectional and will carry

  Portions of this chapter previously appeared as: S. Shah, I. Vieto, N. Heng and J. Sun, 
“Real-time simulation of wind turbine converter-grid systems,” in Proc. 2014 IEEE 
International Power Electronics Conf., Hiroshima, Japan, 2014, pp. 843-849.
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up to 30% of the total output power the turbine is rated for. The speed range of this turbine

is about 30% of the synchronous speed, and can operate in supersynchronous and subsyn-

chronous modes. Fig. 2. 1:c) shows the sketch of the type-III wind turbine and the detailed

model of the wind turbine, as will be modeled in this work, is presented in Fig. 2. 2:. This

wind turbine is the basis of this thesis, and this chapter will dive more in depth into the

operation and modeling of this specific configuration. 

2.1   Induction Machine Models

The model for the induction machine chosen must be robust enough to capture the

dynamics of interest, including time-domain accuracy as well as frequency-domain

response. The commonly used model for the induction machine, which is used for real-

time simulations, is a sixth-order electromagnetic transient (EMT) model as shown by

Krause [39]. This model includes a fourth-order electrical model for the machine and a

second order model for the mechanical dynamics. This model has all the signals and

Fig. 2. 1:  Wind turbine sketches for: a) Fixed-speed wind turbine (Type-I); b) Limited variable-
speed wind turbine (Type-II); c) Variable speed wind turbine with doubly-fed induction generator 

(Type-III); d) Variable-speed wind turbine with full converter (Type-IV).

SCIG WRIG

PMSGWRIG

a)

c)

b)

d)
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parameters referred to the stator side of the machine and is expressed in an arbitrarily

rotating two-axis reference frame. The electrical model of the machine is given by

(2.1)

(2.2)

(2.3)

(2.4)

. (2.5)

And,

vsa

Fig. 2. 2:  Circuit and control diagram of the simulated type-III wind turbine. Includes the 
induction machine, RSC and SSC current control and PLL. 
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(2.6)

(2.7)

(2.8)

(2.9)

(2.10)

. (2.11)

Where, 

•  is the stator series resistance.

•  is the stator leakage inductance.

•  is the reflected rotor series resistance.

•  is the reflected rotor leakage inductance. 

•  is the magnetizing inductance.

•  is the q-axis stator flux.

•  is the d-axis stator flux.

•  is the reflected q-axis stator flux.

•  is the reflected d-axis stator flux.

•  is the reference frame angular velocity.

•  is the electrical angular velocity of the machine.

•  is the q-axis stator voltage.

•  is the d-axis stator voltage.

•  is the reflected q-axis rotor voltage.

•  is the reflected d-axis rotor voltage.

•  is the q-axis stator current.

•  is the d-axis stator current.

•  is the reflected q-axis rotor current.

•  is the reflected d-axis rotor current.

•  is the electrical torque.

• p is the number of pole pairs.
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The Equations (2.1-2.11) of the electrical part of the induction machine can also be

represented by the equivalent circuit in Fig. 2. 3: a) for q-axis and Fig. 2. 3: b) for the d-

axis. This representation has the known passive elements of the induction machine and

also has the capabilities of including the dynamics of the converter when connected to the

rotor terminals. 

The mechanical model of the wound-rotor induction machine is given by

(2.12)

(2.13)

where,

•   is the angular velocity of the rotor.

•  H is the rotor inertia constant.
•  is the shaft mechanical torque.

•  F is the rotor viscous friction coefficient.
•  is the rotor angular position.

2.2   Voltage Source Converter Model

The converters in the wind turbine are made up of a back-to-back voltage source con-

verters that connect the rotor of the turbine to the stator of the machine through an inter-

mediate DC link. The implementation of three-phase VSC topology relies on three pairs of

Fig. 2. 3: Electrical circuit of a wound rotor induction machine. a) q-axis circuit. b) d-axis circuit. 
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switches with antiparallel diodes, which control an intermediate voltage behind a phase

inductance. These converters are usually current controlled and must be bidirectional to

accommodate the needs of the converter. That is, for truly variable speed operation, at

speeds above and below synchronous, the current through the power electronics stage will

flow in both directions. The RSC filter is usually just the induction machine rotor circuit

but the SSC has an additional filter before connecting to the stator terminals. 

One advantage of this scheme, over full converter wind turbines, is that the power

electronics are rated for around 30% of total turbine power. The actual maximum power

that will be moved through the converters is determined by the maximum speed deviation,

or maximum slip, and reactive power capacity. In more practical considerations, the SSC

will usually be operated at unity power factor, therefore the power rating will be deter-

mined by the maximum slip. 

The SSC can be modeled in the time-domain according to the equations provided by

[40]:

(2.14)

(2.15)

Fig. 2. 4:  Six switch circuit for a three-phase VSC. 
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2.3   Turbine Controls

The main purpose of the wind turbine control is to extract as much mechanical energy

from the wind and use it as electrical energy. For this, the Type-III wind turbine is particu-

larly effective due to its capabilities of operating over a wide range of operating speeds. To

successfully, and efficiently, control the turbine over this speed range, a series of control-

lers must be implemented and tuned appropriately. 

In broad terms, the control will be divided among the SSC, the RSC and a grid-syn-

chronization approach. The operation of each converter is mostly independent from the

other, being decoupled through the dc link capacitor. The wind turbine also includes com-

plex controls for the mechanical dynamics which track wind direction and optimize pitch

angle of the blades and active power extraction. A simplified version of the circuit dia-

gram show in Fig. 2. 2: is presented in Fig. 2. 5:. This diagram includes all the basic

blocks needed for accurate control of the wind turbine. For the purpose of this work, the

vsa

Fig. 2. 5:  Simplified circuit and control diagram of the simulated type-III wind turbine. Includes 
the induction machine, RSC and SSC current control and PLL. 
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modeling is focused on the small-signal behavior and the mechanical dynamics are not

considered in the impedance models.   

2.3.1    Operation Modes

The mechanical speed of the machine relative to the speed of the ac grid gives rise to

different operation modes of the wind turbine. Supersynchronous operation when the

machine rotates faster than the electric frequency and subsynchronous when the rotation is

slower. The distinction is important because the direction of the power flow is reversed. In

supersynchronous mode, the mechanical speed extracted from the wind would speed up

the machine to a faster speed and lose synchronism, therefore some of the power is

diverted through the SSC and the total output of the turbine is higher. When in subsyn-

chronous operation, the turbine would rotate slower and therefore some of the output

power of the induction machine must be fed back into the rotor through the SSC. A sche-

matic of the power flow in sub- and supersynchronous mode is shown in Fig. 2. 6

Fig. 2. 6:  Power flow diagrams of a DFIG operating in subsynchronous mode (upper) and super-
synchronous mode (lower) [38].
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2.3.2    RSC Controls

In broad terms, the RSC will have an outer loop control which tracks power references

from MPPT, and an inner loop current control. The current control inner loop is done

through PWM modulation [41-42] and used to control the flux of the induction machine

so that the desired output power is obtained. The reference frame chose is aligned to the

airgap field and therefore the stator flux can be directly controlled by regulating the rotor-

side currents.The induction machine currents and flux equations (2.6-2.9) can be re-writ-

ten in the flux-oriented reference frame as:

(2.16)

(2.17)

(2.18)

where,  is the flux-oriented, d-axis stator current, and so on for the other variables

where the subindex “f” means it is flux-oriented. The stator power in this flux oriented ref-

erence frame is obtained to be

(2.19)

. (2.20)

From Eqs. (2.16-2.18), the voltage equations of the induction machine in Eqs. (2.3-

2.4) in the flux-oriented field can be rewritten as:

(2.21)

. (2.22)
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The dynamic current references are obtained from the desired output power, the voltage

measurements and Eqs. (2.19-2.20). From Eqs. (2.21-2.22) the current decoupling terms

are obtained as

. (2.23)

The q-axis currents can also include an additional decoupling term to separate the effects

of the d-axis stator currents, but this component is much smaller in practice and will not be

implemented in this work. 

The converter is rated according to the maximum expected slip and to the reactive

power capability desired [38]. The higher the difference between synchronous and

mechanical speed, the more power the RSC will have to extract from the DC bus or the

rotor circuit of the machine. This limit will be around 30% difference for MW-scale wind

turbines.

2.3.3    SSC Controls

 The SSC will have an outer loop dc bus voltage control and an inner loop current con-

trol. It is clear, then, that the RSC will be injecting or removing energy from the dc capac-

itor so that it can impose the desired currents on the rotor. The SSC will react to these

changes to maintain the voltage on the dc bus stable. This controller is oriented to a refer-

ence frame along the ac-side voltage, which means the d-axis current is proportional to the

output power, and used as the control variable for the dc-bus voltage [41].   The q-axis cur-

rent is related to the reactive power output of the converter. This control scheme is identi-

cal to the one used by standard, grid-connected VSC as found in [40]. The capacity of this

converter is usually determined only by the operation slip of the machine as it must be

ready to absorb or supply the power required by the RSC to operate and regulate the dc

bus voltage. 
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2.4   Real-Time Simulation 

Real-time (RT) simulation of wind turbines becomes a tool to rapidly understand the

behavior of the system under study in a wide range of operating conditions. Using RT sim-

ulations, many different combinations of parameters can be tested in a short amount of

time and their effects on the behavior of the system can be analyzed on the spot. Instead of

previously determining the simulation setup and doing the analysis after the fact, RT sim-

ulations allow previous results to guide the research, becoming much more efficient. To

accomplish this goal, the system dynamics must be accurately represented in the real-time

simulation and the chosen hardware and simulation time-step become essential parameters

for the reliability of the simulation. In [43], the authors describe a system in which a type-

III wind farm is simulated using a method that accurately represents converters with

switching frequencies in the range of multiple kHz using time-steps in the range of tens of

ms. Their method includes a proprietary toolbox which propagates the zero crossing infor-

mation and uses appropriates models to produce compensated signals. 

2.4.1    Simulation Platform

The OP5600 RT simulator from Opal-RT [43-44] is used in this work. The platform

allows the modeling of systems in Simulink on a Windows-based host PC before compila-

tion and RT simulation on the physical simulator. In addition to monitoring during simula-

tion, the parameters and conditions can also be changed online using the host PC. The

OP5600 also provides multiple digital and analog I/O ports for interfacing with external

measurement devices and hardware, this allows the use of actual instruments to be used

with the simulator in a hardware-in-the-loop (HIL) configuration. 

One difficulty in simulating power electronic circuits in real time is the high switching

frequency and the need to capture the switching instants accurately in order to ensure

overall simulation accuracy. Typically, with fixed time-step simulation, the integration

time step needs to be 1% or smaller than a switching cycle. For a typical power converter

operating at 20 kHz, this implies 1 s or smaller time step, which is too small for the exist-
19



ing commercial real-time simulation products using CPU-based computing. Real-time

simulator based on field-programmable gate array (FPGA) allows for steps well below 1

s, but are difficult to program and are memory restrained. 

OP5600 addresses this problem by generating PWM gate signals in an FPGA using

RT-Events toolbox and applying the so-called time-step averaging method [45] to com-

pensate for the switching events occurring within a time-step. Fig. 2. 7 shows the PWM

generator output signals utilizing the RT-Events blocks for different time-steps. The PWM

generator produces accurate gating signals even when the simulation time-step is selected

to be equal or larger than the switching period. 

Another issue of working with large time step is the need to compensate the state vari-

ables for switching events that could have occurred inside the previous time-step. This can

be accomplished by interpolating the state variables but at the expense of increased com-

putational burden [46]. The method used in RT-Events block is to generate a so-called
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Fig. 2. 7: Test of OP5600 for high-resolution PWM generation with gate-signal and bridge output 
voltage for different simulation time-steps and 0.7 duty cycle.
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averaged state. For example, in Fig. 2. 7, for the constant duty ratio of 0.7 the average out-

put signal over each switching period should also be 0.7. 

This can be achieved by using ON and OFF switch states only when the time duration

 is an integral multiple of the simulation time-step. For a time-step of 1 s, the average

output signal of 0.7 is achieved without introducing an average state. For time-steps not

satisfying the above condition, the RT-Events block introduces an average state where the

output stays between 0 and the upper limit, so that a desired total average signal is pro-

duced. When the time-step is equal or higher than the switching period, the time-stamped

bridge becomes equivalent to the averaged model, as seen by the output signal for a time-

step of 100 s in Fig. 2. 7. 

Verification of real-time simulation is usually done in the time domain but frequency-

domain accuracy is more critical for the small-signal stability analysis. To validate the

real-time tools, a 10 kW inverter operating with a constant dc-bus voltage was simulated

and its output impedance response measured. The inverter switches at 20 kHz and the sim-

ulation time step is 20 or 60 s. These measurements are compared against impedance

models of the VSC that have been verified against actual hardware [24]. Fig. 2. 8 shows
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Fig. 2. 8: Impedance response of simulated VSC with 20 s time -step (circles), 60 s time-step 
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the comparison of the positive-sequence (Zp) and negative-sequence (Zn) output imped-

ances of the inverter model against simulations with both time-steps. As can be seen, the

responses obtained by real-time simulation agree with the modelled measurements at fre-

quencies up to 6 kHz. This is close to the limit of any time-invariant model of switching

converters and is sufficient for the evaluation of different control stability and power qual-

ity problems in wind farms. Time step has direct effects on the accuracy of real-time sim-

ulation and is the cause for the deviation of the simulated impedance responses above 6

kHz. 

2.5   Conclusions

This chapter introduced the concepts of wind power systems and explored the control

methods for the type-III or DFIG wind turbine. It also briefly presented the real-time sim-

ulation tools that have been successfully used to simulate this wind turbine. The generic

models of the induction machine and for voltage-source converters are shown in (2.1-

2.11) and (2.14-2.15), respectively. The dynamics of the SSC are relatively isolated from

the induction machine due to the dc bus voltage, although the rotational speed of the tur-

bine does directly determine the power across the SSC. The RSC and the DFIG, on the

other hand, are tightly related and they can be modeled together by using a flux-oriented

reference frame.

In the flux-oriented frame, the q-axis flux becomes zero and the power output of the

machine can be easily determined based on the rotor currents. These equations are shown

in (2.21-2.22) and they also determine the appropriate control and current decoupling to

follow in the RSC. These references and controls are implemented in simulation that can

be run offline in Matlab/Simulink or in real-time using the Opal-RT simulator system. One

of the mayor advantages of the Opal-RT approach is its compatibility with the Matlab/

Simulink models, therefore the same model can be run both offline and online without

alteration. The simulator system was validated against the impedance models of a grid-

connected VSC which themselves have been validated against actual hardware. It was
22



seen that even for switching frequencies in the range of 20 kHz, a time step of 20s accu-

rately captures the frequency-domain response up to a few kHz. The system does run into

computational constraints and simulating higher switching frequencies, wider impedance

responses or more accurate models would become troublesome. Nevertheless, for this

work, the switching signals will be in the range of 3-5 kHz and the frequency response of

interest no more than a few hundred Hz. 
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CHAPTER 3  WIND TURBINE SMALL-SIGNAL MOD-
ELING 

3.1   Modeling Approach

The wind turbine which is being modeled will include full controllers for the RSC,

SSC and PLL. The dc link between both converters is controlled by slow dc bus voltage

dynamics, with a bandwidth of about 10 Hz. This slow control will act as a decoupling

element, so that the turbine impedance is found to be the SSC impedance in parallel with

the RSC and the DFIG. This work will obtain the positive and negative sequence imped-

ance models of the turbine under different operating conditions of the machine. 

The impedance of the SSC is known and well understood if the dc bus is considered to

be ideal. The modeling of the RSC, meanwhile is a more complex task because the airgap

effects must be carefully and thoroughly taken into account. Therefore, this work will be

based on the previously developed impedance models for the converters and introduce the

effects of the machine airgap to obtain the complete turbine impedance. The goal of this

section is to obtain and understand the turbine impedance considering PLL and how the

operating conditions affect it. Due to the effects of the airgap frequency shift, the imped-

ance models as seen from the stator must be separated into different frequency response

regions. The modeling will be shown for representative cases in detail and then expanded

to show the final models for the whole frequency range. 

3.2   SSC Impedance

The impedance of the SSC is considered to be identical to a grid-connected VSC

which has already been developed and is well understood with and without the PLL [19-

 Portions of this chapter previously appeared as: I. Vieto and J. Sun, “Impedance modeling 
of doubly-fed induction generators,” in Proc. 17th European Conf. Power Electronics 
and Applications, Geneva, Switzerland, 2015, pp. 1-10.
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24]. The impedance of a dq-axis controlled VSC with synchronous-reference-frame PLL

is given by 

(3.1)

(3.2)

where  is the filter inductor,  is the decoupling gain of the dq-frame current control-

ler, and Hsi(s) is the current regulator transfer function defined as

. (3.3)

 is the fundamental current phasor,  is the amplitude of fundamental voltage at the

PCC. The PLL closed-loop transfer function is given by

(3.4)

where  represents the PLL loop gain, defined by

, (3.5)

 is the integral gain and  is the position of the PI zero. The actual derivation of

these equations is not the purpose of this work, as they have been presented before. Look-

ing at the models, it is clear that the numerator terms represent the filtering inductance of

the converter in series with the effects of the current controller. The current controller

effects are frequency shifted due to the dq-axis transformation and are shifted in different

directions for the positive- and negative-sequence models. The effects of including the

PLL are seen in the denominator od the model where the closed-loop response of the PLL

is multiplied by the current controller response and the operating point of the PWM. The
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impedance models can also be expanded by including feed-forward terms, sampling

delays and computational delays, but these will not be included in the models. 

3.3   Modeling Through Machine Airgap

A voltage perturbation in the stator of the turbine will be reflected in magnitude

through the airgap not only by the turns ratio of the machine but also by a velocity depen-

dent term, at the same time the frequency is shifted by the machine electrical angular

speed. The effects of the airgap on a positive- and negative-sequence voltage perturbation

on its stator terminals as it is reflected through the airgap 

(3.6)

(3.7)

where  is the positive-sequence stator perturbation voltage,  is the negative-

sequence stator perturbation voltage,  is the positive-sequence rotor perturbation

voltage,  is the negative-sequence rotor perturbation voltage,  is the number of

turns of the stator winding,  is the turns number of the rotor winding and  is electri-

cal, angular speed of the rotor. The frequency and machine speed terms can be considered

the frequency-dependent slip expression such that

(3.8)

. (3.9)

 Fig. 3. 1 : shows how a voltage signal would be reflected to the rotor from the stator

and vice versa. It is important to mention that the reflection is the bidirectional and can be

done in either direction. Fig. 3. 1 : a) shows that a positive-sequence, stator perturbation at

a frequency (fsp) lower than the machine electrical frequency (fm) is reflected to the rotor

as a negative sequence voltage at a frequency of fm-fsp. If the stator is perturbation is
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larger than the machine electrical frequency as shown in Fig. 3. 1 : b), the reflected rotor

voltage is positive sequence at a frequency of fsp-fm. This sequence inversion effects are

not present for a negative-sequence stator perturbation as shown in Fig. 3. 1 : c), where the

reflected rotor voltage will always be negative-sequence at a frequency of fsn+fm. 

The machine currents are also frequency-shifter in the same manner, but the magni-

tude reflection is not dependent on the slip. Therefore, a known positive- or negative-

sequence on the stator will appear at the stator as determined by 

(3.10)

(3.11)

where,  is the positive-sequence stator perturbation current,  is the negative-

sequence stator perturbation current,  is the positive-sequence rotor perturbation

current,  is the negative-sequence rotor perturbation current. 

Assume a known impedance for both positive and negative sequence is connected to

the rotor terminals, and given by  and . For a positive-sequence voltage per-

turbation above machine angular speed and a negative-sequence perturbation at an arbi-

trary frequency, the current response on the rotor circuit will be given by

Fig. 3. 1: Frequency shifting of voltage and currents from the stator to the rotor of an induction 
machine through the airgap. a) Positive-sequence signal on the rotor below the machine 

frequency; b) Positive-sequence signal on the rotor above the machine frequency; Negative-
sequence signal on the rotor. 
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(3.12)

(3.13)

where  is the positive-sequence rotor current response and  is the nega-

tive-sequence rotor current response. This current is the reflected back through the airgap

to obtain the stator response to the perturbation,

(3.14)

(3.15)

where  is the positive-sequence stator current response to the voltage perturba-

tion and  is the negative-sequence stator current response to the voltage perturba-

tion. Equations (3.14-3.15) are rearranged so that: 

(3.16)

. (3.17)

Equations (3.16-3.17) give the expressions on how an impedance is reflected across

the airgap of the induction machine. Notice, though that the effects of the machine pas-

sives, including leakage and magnetizing inductances are not included in the term. Also

notice that Eq. (3.16) is valid only for perturbations above the machine angular speed, for

frequencies below the machine speed, the impedance is given by
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3.4   Turbine Modeling without PLL

Initially, the modeling will be done using an ideal PLL such that the angle of the stator

voltage is perfectly known. Ignoring the dynamics of the dc voltage link, the impedance of

the SSC has been obtained previously [19-21] and is given by

(3.19)

(3.20)

where  is the positive sequence SSC impedance,  is the negative

sequence SSC impedance,  is the converter inductor,  is the decoupling gain of the

controller.  is the SSC compensator gain given by

(3.21)

where,  is the integral gain and  is the position of the controller zero. 

Using (3.16) the mapping of a positive or negative sequence impedance in the rotor to

the stator is given by:

(3.22)

(3.23)

where,  is the leakage inductance of the stator,  is the reflected leakage inductance

of the rotor,  is the resistance of the stator windings and  is the reflected resistance

of the rotor windings. The converter impedances are given by
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where,  is the decoupling gain of the controller and  is the SSC compensator

gain given by

(3.26)

where,  is the integral gain and  is the position of the controller zero. 

With an ideal PLL, the only path connecting the stator to the rotor is the airgap of the

induction machine, therefore the RSC can be considered an external impedance connected

to the rotor winding of the machine. The impedance of the converter itself is analogous to

the SSC without the converter inductance, but depending on the frequency it will appear

as either positive or negative sequence. The terminal impedance model will be split into

three separate parts: positive sequence below fundamental frequency, positive sequence

above fundamental and negative sequence over the complete range. These models are

respectively:

(3.27)

(3.28)

(3.29)

Combining Equations (3.27-3.29) with the converter impedances given by (3.27-3.29)

gives the following, impedance models for the DFIG ignoring PLL effects:
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(3.32)

3.5   Turbine Modeling with PLL

3.5.1    Modeling of PLL Dynamics

With the addition of the PLL there is an additional path for the stator perturbation to

affect the current response. From the turbine diagram, this path can be followed from the

stator voltage into the PLL block, which outputs the desired angle, and into the dq-domain

current controller of the RSC. The general structure of the PLL chosen for this work is that

of a synchronous reference frame PLL aligned to the q-axis as shown in Fig. 3. 2 :. 

For a voltage perturbation on phase voltages, the q-axis voltages will also be per-

turbed, but the perturbation is seen in the rest of the system 

The positive sequence impedance will have an additional model to represent the fre-

quency range between fundamental frequency and rotational frequency of the machine.

This additional model is introduced because the PLL transfer function used is defined dif-

ferently for frequencies above and below fundamental.The PLL model is divided into

three parts, positive sequence below fundamental, positive sequence above fundamental

and negative sequence:
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Fig. 3. 2: Q-axis SRF PLL Block diagram. 

=2/3

Vsa

2
3
---  cos  – cos  + cos

 sin–  – sin–  + sin–

Vsb Vsc

Vsq

HPLL(s)/s

PLL
31



(3.33)

  represents the PLL loop gain, defined by

, (3.34)

where,  is the integral gain and  is the position of the PI zero.

3.5.2    Modeling Below Fundamental Frequency

From the single-line diagram of the induction machine shown in Fig. 3. 3, the voltage

perturbation will be introduced before the leakage inductance of the stator and added in

series. This point is the induction machine terminals on the stator side, which makes the

most sense because one of the main objectives of the desired model is to analyze stability

between the turbine and the grid. The injection of the voltage in series also means that for

a clean grid, besides the fundamental, the only voltage the turbine reacts to is to the pertur-

bation voltage. The PLL voltage is measured after the perturbation so that these effects are

able to be modeled. 
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Fig. 3. 3: Single line diagram of the DFIG with converter connected to the rotor circuit. 
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The base case chosen to detail the modeling procedure is the turbine operating in

supersynchronous mode and a positive sequence perturbation below the rotational speed

of the machine. These considerations are necessary to make at the beginning as they will

change the final model. Operating in supersynchronous mode means the fundamental  sig-

nals on the stator will be reflected as negative sequence signals on the rotor. The positive-

sequence voltage perturbation on the stator will also appear as a negative-sequence pertur-

bation on the rotor circuit. Therefore, with the chosen modelling scenario the most com-

plicated case will be demonstrated. With the previous assumptions, consider a voltage

perturbation such that the phase-a stator voltage is given by

(3.35)

or in the frequency domain

(3.36)

where the notation,  will be followed throughout this work to denote all

frequency-domain signals. The current response to this perturbation is given by:

(3.37)

The magnitude and phase of the response currents is unknown at this point, symbolic

values will be carried through the mathematics and the actual value solved from the result-

ing equations. Due to the assumptions given previously, and  are both of negative

sequence. The assumed currents on the rotor circuit are measured (in this work no sensing

or analog-digital measuring dynamics are considered) and transformed to a rotor-side

rotating dq-axis using the PLL and machine angle. The conceptual approach to the model-

ling of the turbine is shown in Fig. 3. 4. It shows a signal flow diagram from the stator

voltage followed all the way through to the stator current. The box around the rotor refer-
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Fig. 3. 4: Signal flow diagram of type-III wind turbine RSC with dq-domain current control for a 
positive-sequence voltage perturbation on the stator circuit. 
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ence frame indicates the frequency shift due to the airgap of the induction machine, thick

lines represent the power signals and the thin lines represent the control signals. The fre-

quency components of the signals are also shown to keep track of them. 

Notice that the stator voltage is introduced into controls twice, once through the PLL

and another one directly through the airgap. This double coupling gives rise to the diffi-

culty in the modeling of the wind turbine and must be properly taken into account. Follow-

ing the signals through the flow diagram all the steps necessary to obtain the impedance

models are shown, namely: 

• Find PLL angle response to the stator perturbation.

• Obtain the dq-domain rotor-side currents using Park’s transformation with the PLL 

and machine angle.

• Determine error in currents, feed it to the current control regulator and decouple 

the duty cycles. 

• Perform inverse park transformation of the duty cycles.

• Finally, obtain the induction machine current repose to the perturbed voltage.

 Following the flow diagram, the rotor-side dq-currents from (3.37) are feed into the

current control block which outputs the dq-domain duty-cycle signals. The block diagram

for these steps is separated from the overall flow diagram and shown in Fig. 3. 5 :.

Remember that the PLL angle is now a frequency-dependent signal that is responding to

the voltage perturbation. Therefore, both the current and angle have dynamics that must

considered in the convolution. 

Fig. 3. 5: Block diagram of rotor-side, dq-domain current controller. 
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The frequency-domain dq-axis rotor currents are obtained by convolution of the phase

domain currents and Park’s transformation, defined as:

(3.38)

where the transformation angle is

. (3.39)

Note, that for a grid-connected converter without the induction machine this transfor-

mation angle would only include the PLL angle. Instead of obtaining the frequency

response of Park’s matrix to the perturbed angle directly, the transformation is separated in

two steps,

. (3.40)

This is done because the difference between the PLL and the fundamental angle is

small and it is easier to obtain mathematically than to directly obtain the PLL response to

perturbation voltage. Then, the Park’s transformation is split as shown in Fig. 3. 6 : into a

constant matrix given by

 (3.41)

and a rotational matrix given by

Tdq   2
3
---

 cos  2

3
---– 

 cos  2

3
---+ 

 cos

 sin–  2

3
---– 

 sin–  2

3
---+ 

 sin–

2
2

------- 2
2

------- 2
2

-------

=

 PLL r–=

 1 r– PLL 1–+=

Tdq 1 r–  1
3
---

1
2
---   

1
2
---e

j2

3
--- 1

2
---e

j2

3
---

j
2
-----    

j
2
-----e

j2

3
---

  
j

2
-----e

j2

3
---

2/2 2/2 2/2

=

36



(3.42)

which is approximated by considering the angle  to be very small by:

. (3.43)

The intermediate dq-axis currents (Irdv and Irqv) are the same as the dq currents with

ideal PLL. That is, the effects of the PLL are modelled using the rotational matrix (3.43).

These currents are given in the frequency domain by the convolution:

. (3.44)

These frequency-domain convolution will be used throughout this chapter to model the

axis transformations. The full convolution will be shown once, and then only the final

results will be used in the remainder of the modeling. The intermediate currents are sepa-

rated into dq-axis and also have multiple frequencies each. The rotor currents have fre-

quency components at  and  while the transformation matrix has only a

frequency component at . The resulting frequency components from the convo-

lution will be dc, ,  and . Some of these frequencies

will always have zero components, that is, for balanced three-phase currents there will

always be a zero at that frequency. The complete convolution expression for the d-axis

intermediate rotor current is shown in (3.45).
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Simplifying (3.45) it is clear that many of the components will cancel out and the 7

frequency components shown earlier only result in 3 frequencies where there is a non-zero

response. For d- and q-axis currents this results in the following 

(3.46)

. (3.47)

 The results of the convolution are that the magnitude of the fundamental rotor cur-

rents are modified by the cosine and sine of the rotor current angle and are not rotating

with respect to the chosen axis. Also, the response current is frequency shifted and the q-

axis is offset 90 degree from the d-axis component. All of these results are consistent with

the previous statement that the intermediate currents are the same as the dq currents when

the PLL dynamics are ignored. To include the PLL onto these effects, the convolution of

these intermediate currents (3.46-3.47) and the rotational matrix (3.43) is obtained and

given by: 

(3.48)
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Fig. 3. 6: Block diagram of separated dq-transformation.
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(3.49)

where,

(3.50)

is the closed loop transfer function of the PLL. The currents include terms proportional to

the voltage perturbation due to the PLL loop. Second order small-signal terms are ignored. 

The current regulator block diagram is given in Fig. 3. 7, using this block diagram, the

dq-axis modulation signals will be given by

(3.51)

(3.52)

Where 

Irq f 
Ir1– r1sin ,

jIrp jIr1 r1cos VpGPLL j2f – ,

dc
f f1 fp– =







=

GPLL s 
1

V1
------

HPLL s 

1 HPLL s +
---------------------------------- 
 =

Fig. 3. 7: Block diagram for the rotor-side current regulator from measured currents to duty 
cycle output. 
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. (3.53)

Convoluting with the inverse Park’s transformation,

(3.54)

 the phase-domain modulating signals are given by

(3.55)

and so on for the other two phases. The variable  is defined as the terminal voltage of

the RSC, referred to the rotor circuit. It is important to note that this is different from 

which is the reflected fundamental ac-side voltage to the rotor side. These two voltages are

different due to the voltage drop across the induction machine passives and will be

affected by the machine output current. The converter averaged model will be used to find

the current response to the given modulation signal:

. (3.56)

By applying LaPlace transform to (3.56) and then substituting the modulating signal

from(3.55) as shown here, 
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(3.57)

the perturbation voltage to rotor current ratio is easily obtained by algebraic manipulation

as,

 . (3.58)

 Note, though, that the terminal impedance is the voltage to current ratio on the stator and

that at this point the signals are reflected to the rotor circuit. Reflecting the signals across

the machine airgap to the rotor

. (3.59)

While (3.60) does provide the impedance of the turbine, there is no insight from the shape

of the expression and it is hard to relate it to the known impedance of grid-connected VSC.

Therefore, the terminal voltage of the RSC is exchanged to the ac-side voltage and the

voltage drop across the machine due to the output power. With some algebraic manipula-

tion, the positive-sequence impedance, for frequencies lower than machine speed is
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(3.60)

3.5.3    Negative-Sequence Impedance Models

When modeling the negative sequence impedance of the turbine, negative sequence

rotor currents are 

 . (3.61)

Note that both currents are also of negative sequence, although the frequency of the

response current to the perturbation has changed. The slip term must be changed to its

negative-sequence representation because the rotation of the machine is now in the oppo-

site direction with respect to the perturbation. When the perturbation was positive-

sequence, the rotational direction of the voltage vectors matches the rotation of the rotor

shaft., for a negative sequence perturbation the perturbation and rotor rotate in opposite

directions. Taken all those comments into account, and following the same steps used to

obtain the positive-sequence impedance, the negative-sequence impedance of the turbine

is
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(3.62)

3.5.4    Modeling for Alternate Conditions and Frequency Ranges

Next, the impedance models for the other cases will be presented. For perturbation fre-

quencies above the fundamental and machine speed, the PLL response will change

slightly, because the angle response of the PLL changes according to (3.33). The measured

rotor current are different, and are now given by

. (3.63)

Notice that now,  is still of negative sequence because it depends on the operation

point and not on the perturbation, while  is of positive sequence. This is consistent with

the expected results because the voltage perturbation is now reflected as a positive-

sequence voltage on the rotor circuit. Besides the change in currents, the PLL response

will change because it is tracking a high frequency voltage above fundamental frequency.

Taken these changes into consideration, the convolution of the currents with the PLL will

be different and Eqs. (3.46-3.49) will have different non-zero frequency components. This

in turns means that the duty cycle output of the current controller in Eqs. (3.51-3.52) as

well as the phase-domain duty cycle in Eq. (3.55) will also have different components.

The response of the VSC in Eq. (3.56) to the perturbation is now different which gives the

new impedance model for the turbine. The whole modeling process remains unchanged,

but the values and frequencies of the signals used has changed due to the new perturbation

signal. The positive sequence model above fundamental an machine speed is given by:
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(3.64)

Modeling between the fundamental frequency and the machine angular frequency

gives the last frequency range that must be modeled. In this frequency range, the current

response of the converter still follows the equation given for the first case Eq. (3.37) but

the PLL case is the one described for the second case. Considering that, the impedance of

the turbine in this frequency range is given by

(3.65)

It is worth noting, as said at the start, that these models assume the turbine is operating

above synchronous speed. If the turbine were operating at a lower speed, the mayor differ-

ence will be that the fundamental current will be of positive sequence for all models. This

is a change that must then be carried through to the end, although the perturbation

response currents remain unchanged. The currents for a positive-sequence voltage pertur-

bation below machine-speed is given by 

(3.66)
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where,  is of positive sequence and  is a negative sequence current. The algebraic

procedure, frequency-domain convolutions and other mathematical steps remain the same

as when the machine was operating at a higher speed. Therefore, with the change in oper-

ating speed, the positive sequence impedance 

(3.67)

positive sequence between the machine speed and the fundamental frequency,

(3.68)

positive sequence above the fundamental, 

(3.69)

and negative sequence
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(3.70)

3.6   Model Analysis

The impedance models developed in the previous subsection only represent the

impedance of the RSC and induction machine as seen from the turbine terminals. The

complete turbine impedance will be given by the SSC impedance in parallel with the RSC

impedance. In practical terms, though, the SSC impedance can be ignored because it is

much larger than the RSC and induction machine impedance. There are several factors

that make this true, most importantly are the difference in power between the converters

and the size of the filtering inductor on the SSC compared to the induction machine pas-

sives. At maximum power and wind conditions, the power through the SSC will be less

than 30% the power being delivered by the induction and in normal operation this fraction

is much smaller. The filtering inductor is determined by the need to filter out the switching

noise from the SSC while the induction machine passives are determined by the construc-

tion of the induction machine at the power rating of the turbine. It is therefore a reasonable

approximation to only consider the impedance of the RSC and the machine when analyz-

ing the wind turbine.

 The impedance of the RSC can be analyzed in the same was as it was done for the

SSC/VSC impedance. The numerator of the impedance with PLL is the same as the

impedance without PLL. For example, notice that the numerator in Eq. (3.60) and Eq.

(3.28) are the same, which is the induction machine impedance with a negative sequence

converter impedance in its rotor windings. Furthermore Eq. (3.1) and (3.60) have identical
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shapes once the effects of the induction machine are accounted for. For easy of discussion,

these two equations are reproduced next. 

(3.71)

(3.72)

Notice that the numerators of both impedances are made up of the passives at the

machine terminals and the dc bus voltage multiplying the current regulator and decoupling

gain. For the RSC the passives are the leakage inductances and the winding resistance

while for the VSC it is only the filtering inductor. Also, the RSC regulator term has to be

reflected across the induction machine airgap. 

The denominator requires some extra effort to determine the correspondence between

the impedance models. The PLL closed-loop transfer function is the same for both cases

but due to the sequence-shifting on the rotor circuit it appears conjugate on the RSC

model. This is followed in both cases by the fundamental rotor voltage to fundamental

current ratio at the ac-side terminals and finally a term that appears due to the voltage drop

across the passives at the fundamental frequency. 

The RSC impedance is, of course, more complicated because of the different fre-

quency ranges and operation speeds. The effects of the machine speed on the impedance

can bee seen by comparing the impedance in supersynchronous operation in Eq. (3.60)

against the impedance of subsynchronous operation in Eq. (3.64). The fundamental cur-

rent vectors are the conjugate of the other case while everything else remains unchanged.
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The difference between the low frequency and high frequency impedance when operating

at the same speed is due to the perturbation signal being reflected as negative sequence at

lower frequencies. This is reflected in the final model by noticing that the current regulator

terms at low frequencies are represented by its negative-sequence response and at higher

frequencies by a positive-sequence regulator term. 

3.7   Numerical Model Validation

3.7.1    Simulation Setup

The numerical validation is done by means of real-time simulation using an Opal-RT

OP 5600 system in conjunction Venable 350c frequency response analyzer (FRA). The

simulator-FRA setup is shown in Fig. 3. 8 and the connection details are shown in Fig. 3.

Venable FRA

Opal Simulator

Fig. 3. 8: Picture of OP-5600 simulator and Venable 
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9. The wiring on the back of the simulator is a simple two-wire connection to a data card

that is then clamped to a coaxial cable and connected to the FRA plate. The FRA and sim-

ulator are both run through a Windows PC workstation. 

The Opal models are based on the Matlab/Simulink implementation of the DFIG. Fig.

3. 10 shows the Simulink diagram of the wind turbine in the proper setup to measure the

terminal impedance. The simulated model includes full controls of both SSC and RSC, but

the wind speed and power references are fixed. The inputs and output of the simulator are

handled by the OPControl blocks which are supplied by OpalRT. These blocks correspond

to appropriate ports on the back of the simulator which allow to inject and measure volt-

ages without difficulty. 

FRA Ouput

FRA Input

Fig. 3. 9: Picture of the back of the OP-5600 simulator 
with the wiring to the FRA. 
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The signal Vp is the output of the Venable FRA and it is a sine wave of fixed ampli-

tude and changing frequency. The FRA output is fixed at 1 V and is then multiplied inside

the simulator by the gain Kp to obtain a simulated voltage signal that has an amplitude

around 3-5% of the fundamental. This simulated voltage is injected in series with the grid

voltage at the turbine terminals, and the current response measured at this same point. The

simulated currents are measured and the corresponding voltage signal is then multiplied

by an appropriate gain to ensure the output is within the simulator limits of ± 5 V. The per-

turbation signal is present for 1 second or 20 cycles, whichever is larger, this gives the

FRA time to isolate the perturbation frequency response. 

Fig. 3. 10: Simulink diagram of the type-III wind turbine used in offline and real-time simula-
tions.
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The Venable FRA outputs a data table with the frequency, the normalized magnitude

and angle of the perturbation voltage and the normalized magnitude and angle of the cur-

rents of phase “b” and “c”. Using the current gain (Ki) and voltage gain (Kp) the actual

values of currents and voltages are reconstructed. With only three channels in the FRA, an

additional data point must be known to measure the impedance of the turbine, in this case

it is the impedance of the simulated grid. Now, the channels are used to measure single-

phase voltage perturbation and the phase currents on the phases where the perturbation

was not placed as shown in Fig. 3. 11. With two currents known, the third current can be

obtained as the negative sum of the other two phases. Assuming the grid voltage behind

the impedance only has a fundamental components, the voltage at the turbine terminals

can be calculated as the voltage drop due to the current and the grid impedance. 

3.7.2    Impedance Validation

The model validation will be done by comparing the analytical responses obtained ear-

lier against impedance scans from the real-time simulation models. The baseline electrical

parameters for the machine are taken from [36] and from these parameters, two cases are

created that are different from each other and will allow the validation of a wider variety

of different conditions. The differences are as follows:

• Supersynchronous vs subsynchronous operation.

• Turns ratio of the induction machine.

• DC bus voltage and per unit capacitance.

Fig. 3. 11: Block diagram impedance measurement using three channel FRA. 
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• Controller bandwidths.

• Per unit passives impedance.

• Rated power. 

The actual simulation parameters are given in Table 3. 1. Fig. 3. 12 shows the imped-

ance scan and model response according to the impedance equations presented earlier,

with only the RSC and induction machine impedance being modelled but the whole tur-

bine being simulated. The response using the parameters of turbine #1 on the left and the

parameters for turbine #2 are shown on the right. From the impedance response it can be

Table 3. 1: Turbine Simulation Parameters

Parameter Symbol Turbine #1 Turbine #2

Rated Voltage Vs 690 V 6000 V

Frequency f 60 Hz 60 Hz

Stator winding resistance Rs 0.93 m 1.5 m

Rotor winding resistance Rr 6 m 47.5 m

Rotor leakage inductance Llr 294 H 3.93 H

Stator leakage inductance Lls 27.3 H 121 H

DC bus voltage Vdc 1500 V 1200 V

Magnetizing Inductance Lm 5.5 mH 11.6 mH

Turns Ratio Nr:Ns 0.34:1 1:0.178

Rated Power S 3 MVA 100 MVA

Operation Speed 1440 RPM 1080 RPM

Pole Pairs p 3 3

PLL Bandwidth 62.83 rad/s 188 rad/s

RSC Current Control 
Bandwidth

1884 rad/s 1884 rad/s

PLL Proportional Gain Kpp 0.0206 0.0028

PLL Integral Gain Kip 1.2694 0.5372

RSC Proportional Gain Kpi 0.0263 1.72x10-4

RSC Integral Gain Kii 49.54 0.3256

r

PLL

RSC
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seen that turbine#1 is mostly dominated by the induction machine passives while turbine

#2 is dominated by the converter impedance. 

If the wind turbine impedance is dominated by the induction machine, the effects of

the controller are mostly seen on the phase, the converter changes the phase of the imped-

ance by up to a few dozen degrees, but may not change the magnitude by more than a few

decibel. Still, these changes in the phase may be enough to cause resonance between the

converter and a series compensated grid when the phase margin is reduced to almost zero.

The parameters for turbine #1 give an impedance response that is mostly inductive with a

few peaks determined by the power electronics while the impedance of turbine #2 is very

similar to that of the VSC with three distinct impedance behaviors. At low frequencies, the

impedance response is inductive up until the PLL bandwidth, then it becomes mostly

capacitive until the fundamental and finally it behaves again in an inductive manner after

the current control bandwidth. Between the fundamental and the current control band-

width, the impedance is in a transition in which it cannot be simply considered as induc-

tive or capacitive.
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3.8   Conclusions

This chapter includes the mayor contributions found in this work, namely, the imped-

ance models of the wind turbine under different operating conditions and for any fre-

quency range. The impedance models of the wind turbine assume small-signal

perturbations and therefore do not consider the mechanical dynamics or the dynamics of

the dc bus voltage. This directly implies that the impedance of the turbine from its termi-

nals is composed of the impedance of the SSC in parallel with the impedance of the RSC

and induction machine. The impedance of the SSC is known and this chapter was dedi-

cated to the modelling and validation of the impedance of the RSC with the effects of the

induction machine.

Fig. 3. 12:  Model validation with non ideal PLL with parameters from Table 3. 1. Dashed Lines: 
Impedance model response; Dots: Point by point simulation impedance scan; Positive sequence in 

red and negative sequence in black. Left: Turbine #1; Right: Turbine #2.
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It was also shown that considering the frequency shifting effects of the induction

machine airgap as well as the frequency domain effects of the PLL on the sequence

impedance, the impedance models will be divided into three frequency segments for the

positive-sequence impedance but only one equation for the negative-sequence impedance.

The impedance models also have slight changes when the electrical angular speed of the

shaft crosses over the fundamental angular speed of the power grid.

The impedance of the RSC, as seen from the turbine terminals, is composed of the

induction machine passives in series with the effects of the current controller PI regulator

and the decoupling gains. The PLL dynamics appear in the denominator of the impedance

equations and are related to the current controller as well as the operating point of the con-

verter. The presence of the operating point on the PLL dynamics is the cause for the differ-

ent models when the rotor speed is above the electrical speed. When the machine is

operating at low speed the fundamental current and voltages appear as positive sequence

on the rotor sequence and as negative sequence for higher speeds. The general shape of

these models is explicitly related to the shape of the VSC impedance, although the addi-

tional components makes the final expression more complicated. 

Finally, the impedance models were validated by sweeping the impedance of different

real-time simulated turbines using a frequency response analyzer. The simulated turbines

were different in rated values and passives and had different operating conditions. The

overall turbine impedance was approximated by ignoring the impedance of the SSC and

representing the overall impedance only by the RSC and induction machine. Even with

these simplification and the changing parameters, the impedance response matches the

model prediction. 
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CHAPTER 4  SSR ANALYSIS

SSR is a problem that is not new to experienced power systems engineers, but the use

of impedance models to analyze SSR as is done in this work and its applications on Type-

III wind turbines is novel. In the literature it is also common to call all forms of interaction

involving energy exchange between a generator and the grid at subsynchronous frequen-

cies subsynchronous interactions (SSI). Under this definition, three different types of

interactions are defined [49-50]: 

• Subsynchronous torsional interactions (SSTI): interaction between power elec-

tronics converters and the mechanical systems of the generator. The controller

could have negative damping at a specific damping and it is amplified thought

the generator shaft. 

• Subsynchronous control interactions (SSCI): interaction that arises between

power electronics converters and series capacitors in the system. Does not have

a fixed frequency and depending on the system layout it may be severely

undamped and have very intense oscillations. 

• Subsynchronous Resonance (SSR): According to this definition, SSR is

defined by interactions between the electrical resonant frequency of the grid

and natural modes of oscillation of the generator or due to the induction gener-

ator effect.

The previous definitions and terms are not consistent across the literature, with other

authors lumping all types of interactions as SSR [51-52].  This work will follow the latter

definition and consider SSR any type of interaction between the wind turbine and the grid.

Additionally, the focus will be on interactions that are not due to excitations in the

mechanical modes of the turbine shaft and instead focus on electrical resonance between

the converter-machine system and the grid. This resonance problem can be analyzed as a

 Portions of this chapter previously appeared as: I. Vieto and J. Sun, “Damping of subsyn-
chronous resonance involving type-III wind turbines,” in Proc. 16th IEEE Workshop on 
Control and Modeling for Power Electronics, Vancouver, Canada, July 2015, pp. 1-8.
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small-signal stability problem that occurs because of impedance interaction between the

turbine and the capacitive elements of the power grid as has been done for the grid-con-

nected inverters between the VSC and the power system [24]. 

Before continuing on the analysis and damping of SSR from the impedance perspec-

tive, some discussion is necessary on some of the current mitigation approaches. Damping

methods for SSR include the use of SVC [53-54] or STATCOM [55-56] at the wind farm

terminals or damping through modifications in the controls of the power electronics [57-

59]. This initial method relies on controlling the susceptance of the shunt connected

capacitor banks at the wind farm terminals as a means of controlling the wind farm opera-

tion. The implementation of the SVC approach can be varied, but one method that will be

discussed uses line power as an input to the resonance mitigation controls and the damp-

ing is implemented as an additional loop of the SVC susceptance control. One major hur-

dle that will be faced in this implementation of SSR damping is that the  susceptance of

the SVC is non linear, therefore a drawback of this method is the need to scan its fre-

quency response. Implementation also requires the use of multiple lead-lag filters that

must be tuned close to the resonance frequency. 

The STATCOM method gives the operator flexibility to adjust the eigenvalues of the

system and stabilize emerging resonance. The STATCOM method needs to have detailed

Fig. 4. 1: Wind Farm with thyristor controller SVC as means of SSR mitigation. 
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knowledge of the wind farm operating conditions and parameters, including fine tuning of

the controls by means of EMT simulations. SSR might occur over a wide frequency range

depending on the series compensation level and the wind speed, and having such narrow

control action is not desired. 

Damping methods that act upon the power electronics have also been presented, for

example, the damping method in [58] measures line power and the series capacitor voltage

to act upon the SSC dc voltage control and current regulator. This, however, requires mon-

itoring the series capacitor, which is not practical. Another study [57] uses the machine

currents and voltage, which are local variables, and acts upon the RSC control. However,

the damping controls are tuned by means of a state observer and optimization methods

with no effort to provide justification for the controller tuning or generalizing the results.

In summary, these mitigation strategies rely on additional power devices or in complex

control strategies that are tuned based on high-order dynamic equations. The benefit of

impedance models derived in this work is that new mitigation strategies can be developed

without adding new components and once the models are known the mitigation strategies

are simple to develop and tune. 

STATCOM

Wind Farm

PCC...

Fig. 4. 2: Wind Farm with STATCOM as means of SSR mitigation. 

Power Grid
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4.1   SSR Analysis by Impedance 

The impedance models derived in the previous section are used in conjunction with

the known impedance of the power grid to evaluate the small signal stability of the tur-

bine-grid system. The system is partitioned as shown in Fig. 4. 3. Any filtering stages

associated to the operation of the wind turbine are lumped on the turbine side while the

transmission line and series compensators are considered on the stator-side. The models of

the grid can results in complicated responses, but the focus of this work is for the subsyn-

chronous range, so an inductor in series with a compensation capacitor is enough to model

the impedance response. 

 Numerically plotting the results of the impedance once the parameters and models are

known is not an issue, but isolating the effects of each individual component on the overall

impedance is hard to do with the complete models. To simplify this, and help with choos-

ing appropriate mitigation strategies, the models are further simplified under special con-

ditions. Analysis of the low-frequency impedance response does not provide an universal

simplified model that works for every type of turbine and operating conditions, but a few

simplifications can be done when the models and parameters are known. The turbine

impedance can be simplified much more when the induction machine passives dominate

over the converter impedance. In this case, the effects of the PLL and the rotor winding

resistance can be ignored. The effects of the current controller are small in magnitude, but

Fig. 4. 3: Diagram of partition between wind turbine and the grid. 
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significant in the phase and will be kept in this simplified model. The positive- and nega-

tive-sequence simplified models are given by:

(4.1)

(4.2)

If, on the other hand, the converter impedance is larger such that it either dominates

over the machine impedance or is within the same magnitude, the complete impedance

models must be used. This is mostly because the effects of the PLL in the SSR frequency

range may be considerable and while the effects of leakage inductance and winding resis-

tance are relatively small, it is not worth it to separate the analysis into a different model. 

4.1.1    Case Study

The impedance of the wind turbine with the parameters of Table 4. 1 is plotted against

a transmission line with 84 µH (0.2 pu) inductance and 50% compensation. Note that

Table 4. 1 is the same as the first turbine in Table 3. 1, but it is reproduced here for ease of

analysis. The impedance results are shown in Fig. 4. 4 and it can be seen that the imped-

ances cross-over at 10 Hz and have a phase margin of around 20 degree for negative

sequence but around 0 degree for positive sequence. This indicates that this system will

have a 10 Hz resonance in the positive sequence signals which might become unstable. 

This same system is simulated in real-time by initializing with a strong grid and after

steady state has been reached switching to the compensated transmission line. The results

shown in Fig. 4. 5, the simulated currents have a unstable frequency component at 10 Hz

which matches the impedance prediction. It is worth making clear that this component

does not arise due to saturation of the controllers or other such unexpected non-linearities.

This is purely a resonance phenomena between the turbine and the series compensation

capacitor. Eventually, due to the fact that the resonance is unsubtle, the controllers do sat-
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urate and at this point the currents increase quickly to unreasonable values. At this point

the system would be disconnected due to fault protections or the physical systems would

be damaged. The simulation does not include the terminal fault breakers or other protec-

tion schemes, therefore it is manually stopped once unreasonable currents are measured

through the monitoring window. 

4.2   SSR Damping 

4.2.1    Passive Damping methods

 It was shown that SSR can be considered a small-signal stability issue and that it may

arise due to impedance interaction between the grid and the turbine. Due to this fact, the

Table 4. 1: Turbine Parameters #1

Parameter Symbol Turbine #1

Rated Voltage Vs 690 V

Frequency f 60 Hz

Stator winding resistance Rs 0.93 m

Rotor winding resistance Rr 6 m

Rotor leakage inductance Llr 294 H

Stator leakage inductance Lls 27.3 H

DC bus voltage Vdc 1500 V

Magnetizing Inductance Lm 5.5 mH

Turns Ratio Nr:Ns 0.34:1

Rated Power S 3 MVA

Operation Speed 1440 RPM

Pole Pairs p 3

PLL Bandwidth 188 rad/s

RSC Current Control Bandwidth 1884 rad/s

PLL Proportional Gain Kpp 0.0206

PLL Integral Gain Kip 3.884

RSC Proportional Gain Kpi 0.0263

RSC Integral Gain Kii 49.54

r

PLL
RSC
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resonance can be damped by changing the impedance of the turbine through active or pas-

sive methods. Passive damping methods have been used to stabilize constant power loads

as shown in [60-61] and similar strategies may be t may include the use of series and par-

allel resistors connected to the RSC or SSC ac terminals. It could also include the use of

narrow-band or wide-band LC filters in different configurations to target the impedance at

the SSR frequency without affecting other frequencies. 

Using passive damping by employing resistors in critical areas would appear to be

enough to damp the resonance but it has obvious downsides on the operation of the turbine

that ultimately forbid it from being a reasonable strategy. The most apparent is the power

loss across the damping resistor that will limit the practical size of the damping to rela-

tively small values. If the resonance is to be mitigated by connecting a resistor in series

with the SSC, the resistor needed to mitigate the SSR needs to be multiple times the wind-

ing resistance of the machine. It is clear that it is not a practical case as the active losses

will be determined by the damping resistor and be much larger than the machine losses. 

Fig. 4. 4: Impedance response of wind turbine and series compensated transmission line; Solid 
lines: turbine; Dashed lines: transmission line.
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If a resistor is placed in parallel with the SSC to modify the total output impedance a

similar issue is encountered. The impedance of the SSC is much higher than the imped-

ance of the machine and RSC, therefore, for the total turbine impedance to be modified in

a significant way, the resistor must be connected in shunt after the SSC filter. If this resis-

tor is small enough to modify the impedance from the turbine terminals, the turbine output

Fig. 4. 5: Real-time simulation of DFIG turbine #1experiencing SSR with the grid. a) Shows a 
line trip and the turbine connected in series with a compensated line; b) Zoomed-in view of the 

wave forms shows the 10 Hz resonance. 
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power will be dissipated by this resistor and make it impractical. This is not a practical

approach to damping the resonance.

The resistor can also be connected on either side of the induction machine to modify

the impedance of the RSC. Connecting a small resistor on the rotor will be reflected across

the machine airgap to the stator side as 

. (4.3)

The reflected resistance will be negative on the stator side for the SSR frequency

range. This means that trying to damp SSR through a resistor on the rotor will actually

decrease the phase margin of the system and make the overall system less stable. It is not

practical to connect a resistor in parallel in the rotor circuit because the switching voltage

across it would be unfiltered and the resistor will be responding to the full dc bus voltage.

The final placement for the damping resistor that can being considered is in series with

the stator terminal. This damping method proves to be the most effective passive approach

at mitigating resonance due to its significant changes on the terminal impedance. That is,

this method increases the phase margin the most while using the smallest resistor. Never-

theless, as with all passive damping methods, the power dissipation across the resistor will

be the limiting factors in its use.

The major problem with all these passive methods is the large size and high power

losses of the components. For the case of a damping resistor in series with the stator cir-

cuit, the phase margin can be directly calculated from the impedance models of the wind

turbine and the grid impedance. Assume the calculated crossover frequency (read from

Fig. 4. 4, for example) does not change when adding the damping resistor. Then, the tur-

bine phase can be estimated by 

(4.4)
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where  is the crossover frequency between the grid and turbine impedance and  is the

damping resistor on the stator. To justify the assumption made that the crossover frequency

does not change much, the phase margin predicted by Eq. (4.4) is plotted in Fig. 4. 6: along

with the measured phase margin from real-time simulations. The measurement matches the

prediction at fist, but after 0.5 pu compensation the crossover frequency starts to move and the

predicted phase margin is not consistent with the measurements. This is not an issue because to

reach a desirable phase margin of 45 degree, the needed damping resistor is approximately 0.7

pu which is a completely unreasonable value. 

Instead of simply resistances, other passive filters can be placed in the SSC or RSC

circuit. The same issues that are present for a parallel resistor on the rotor are still present

when connecting LC filters. A parallel capacitor or inductor will still be exposed to the full

switching voltage which is impractical. An additional inductor and capacitor could be

placed to create an LCL filter on the rotor, but in that case the efficiency of the machine

will be significantly reduced and the converter might. The damping filter could also be a

series capacitor in the rotor, but a downside of including these capacitors in the rotor side

of the machine is how the impedance is reflected across the airgap. 

The next placement that is analyzed for the damping filters is in the stator circuit of the

induction machine. Including additional inductances in series with the windings will not

be helpful in mitigating the resonance. The crossover frequency with the grid wont move

more than a few hertz, the phase margin will remain mostly unchanged (or decreased) and

the system losses will be increased. Series capacitors on the stator could shape the imped-

ance in such a way to mitigate the original resonance problem but creates and additional

resonance between the machine inductance and this capacitor. The small-signal stability

methods used assume that both source and inverter are stable when connected to ideal

complementary components, and this new capacitor may have unstable interaction with

impedance reflection of the different inductances and the converter across the machine.

With the known impedance models considered over the whole range of power and speed

operations of the machine, a case could be found that does not resonate internally and

fc Rd
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shapes the impedance enough to mitigate the resonance, but this strategy does not carry

significant benefits to justify this workaround effort. 

Shunt filter on the stator circuit can prove to be very effective at shaping the imped-

ance of the turbine but the inherent properties of SSR make it difficult to implement in an

useful manner. LC filters can be used to sharply shape the turbine impedance at a specific

frequency and leave the rest of the response mostly unmodified. The operating point of the

turbine (power and wind speed) change the resonance frequency of SSR and such a nar-

row-band, passive solution would not be able to adapt to these changes. A wider band fil-

ter would solve this issue, but runs into the issue of the filter affecting the fundamental

frequency stage of the turbine. The necessary filter architecture would need to be such that

the turbine impedance is modified between 10-40 Hz but the filter effects die off before 60

Hz, which is not practical. 

4.3   Active Damping

Damping through the control of the converters, referred to as active damping, over-

comes the issues present in passive damping and can be achieved in different forms. The

initial attempt to modify the turbine impedance by means of the controls is done by alter-

ing the current regulator and PLL bandwidths. This approach to damp the resonance has

Fig. 4. 6: Phase margin of turbine against compensated grid. Line: Estimated phase margin, 
Dots: Measured phase margin using simulation.
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been previously studied and implemented for VSC by means of adaptive controls [62-65].

For the wind turbine system studied in this work, slowing the PLL to the practical lower

limit of 10 Hz does not modify the impedance enough for the resonance to be mitigated,

decreasing the PLL bandwidth further does eventually damp the resonance in the 1-5 Hz

range but sustained operation with this PLL design is not desired.

 It could be argued that for cases where the SSR arises due to a change in grid topology

(tripped line for example), the PLL will be slowed down to avoid SSR and then switch

back to its original design once the issue has been resolved. It is assumed that the original

tuning of the PLL controllers was done in a proper manner, and asking the turbine opera-

tor to slow it down to a fraction of its design is not justifiable.

Similar conclusion were obtained from modifying the current controller bandwidth. To

increase the phase margin, the bandwidth of the current controller has to be increased, but
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Fig. 4. 7: Impedance response of wind turbine #2 with modified controller bandwidths against a 
series compensated grid. Solid line: Base Case; Dashed-dot line: Modified current regulator; 

Dashed: Modified PLL.
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it is assumed that the controller is designed to have as high a bandwidth frequency as pos-

sible before switching noise becomes an issued. That is, it is a reasonable assumption that

the current controller bandwidth cannot be increased, and therefore it is not a practical

mitigation method. 

4.3.1    Damping by Virtual Resistance

 The chosen strategy for mitigation of SSR will be the use of virtual resistances

through modifications of the controller algorithms.The broad idea behind this method is to

create additional current to voltage or voltage to current control loops that will modify the

response of the system over a narrow frequency range in the same way as a resistor would.

The control signals can be filtered so that these effects do not affect the fundamental oper-

ation point and do not respond to the switching noise.

 The concept of active mitigation through virtual resistance is clearer to explain for the

SSC because there is no induction machine involved. For a series virtual resistance, an

additional path defined below by  is added to both the d- and q- axis of the converter

current control loop:

(4.5)

where  is the desired damping,  is the cutoff frequency for the fundamental and

 is the cutoff frequency for switching noise rejection. With the proper cutoff frequen-

cies, the damping does not affect the fundamental and does not act upon the switching

noise. This transfer function directly affects the duty cycle output (converter voltage) and

has the converter currents as an input. This current to voltage transfer function is the

desired virtual resistance that will be tuned, and the actual system implementation is

shown in Fig. 4. 8. 

The additional path is in parallel with the current controller PI regulator. In the small-

signal modeling, the current references are assumed to be constant (and zero for currents

Zd s 

Rd s  R
c1
-------- s

s/c1 1+  s/c2 1+ 
-------------------------------------------------------=

R c1

c2
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besides the fundamental), therefore the PI regulator and the virtual resistance both connect

between the dq-axis currents and the duty cycles. This means that in the impedance mod-

els, the effects of this transfer function will be included in series with the effects of the

current regulator, or as it is seen in the positive-sequence impedance for low frequencies

as:

 (4.6)

The same idea and implementation is done on the RSC to implement series virtual

resistance in the rotor circuit. The damped impedance model is given by 

Fig. 4. 8:  Block diagram of active damping through series virtual resistance on the SSC.
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(4.7)

The damping function can be tuned using the turbine impedance without PLL and the

series damping resistance, which is the approximation shown before in Eq. (4.7-4.8).

Therefore, using the approximate model with the damping function means the impedance

that is being used to design the damping controllers in the positive sequence is:

 . (4.8)

It is simple to determine phase of the impedance with the damping controls and then

an appropriate resistor easily designed. 

For simplicity in its implementation, the virtual impedance will only be considered on

the rotor circuit of the RSC. Remember that previously the effects of a resistance on this

circuit was seen as a negative resistor on the terminal side, but due to the fact that it is

being implement through the controllers, a negative resistor can be emulated which is

reflected as a positive resistance. The resistance is not simulated directly on the stator side

because to modify the signals on the stator while acting on the rotor, the effects of the

machine speed on the impedance appear as the frequency-domain slip term, this means

that the speed of the machine needs to be included as a new input in the current controller.

With the effects of the airgap, the signals injected through the RSC are not as easily sepa-

rated into different segments and the design is not as simple. Nevertheless, implementing

this damping control will also mitigate SSR for the wind turbine by shaping its impedance.
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Fig. 4. 9 shows the damping transfer function  when emulating an impedance on the

rotor circuit (solid) and on the stator circuit (dashed). 

To create a virtual parallel resistance, the reference of the current controller has an

additional control loop that has the system voltages as input. The transfer function will be

the virtual shunt admittance that is simulated. Using this method an impedance can be

simulated by means of the SSC in the common node between the grid, SSC and induction

machine as is shown in Fig. 4. 10: Assuming the effects of the PLL are relatively small in

the SSR range, the impedance of the SSC with damping is given by

. (4.9)

For this damper to have an effect on the overall turbine response, its impedance must

be, at the desired frequency, about five times the RSC impedance or less. This method
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Fig. 4. 9: Damping controller transfer function for cutoff frequencies of 10 Hz and 300 Hz. Solid: 
emulating an impedance in the rotor.; Dashed: emulating an impedance in the stator. 
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requires a greater control effort than when damping through the RSC and it is less efficient

active damping methods discussed in this work have included changes in the bandwidths of the

controllers, inclusion of series virtual resistance by using the RSC or SSC and the use of paral-

lel virtual admittance by means of the SSC. Among these methods, the one that has the most

promise and the analytical results to justify its use is the series damping on the rotor circuit by

means of the RSC. From the previous discussion, the use of series virtual resistance is preferred

over the parallel approach because it requires less control effort to damp the resonance. 

4.3.2    Real-Time Simulation

The system is simulated in RT with the switching frequency of the converters at 3 kHz

and the simulation time step is 20 s. This simulator setup has been used previously for

the real-time simulation of resonance between a wind turbine and a series compensated

grid [66]. Detailed switching models are used for the converters. The power grid is mod-

eled by a constant voltage source behind two transmission lines in parallel, one strong and

the other weak with series compensation.The active series damping through the RSC is

Fig. 4. 10:  Block diagram of active damping through parallel virtual resistance on the SSC. 
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implemented as shown in Fig. 4. 11 and using the damping function in (4.5). The first cut-

off frequency is chosen at 10 Hz to avoid affecting the fundamental and the other is chosen

at 300 Hz to match the current controller bandwidth. For the turbine given by Table 4. 1

the constant gain is chosen to emulate a 60 mresistor on the rotor, therefore the chosen

value of R is 3.7. The impedance response with the active damping is shown in Fig. 4. 12,

the impedance magnitude is not modified much, but the changes in the impedance phase

are enough to mitigate the resonance. In more practical terms, (4.8) can be used to chose a

damping resistor that will provide 45 degree or more of damping.

 The system was first simulated with the damping controls turned off, and after a few

seconds of steady state simulation, the strong line is tripped and the system is connected

only to the compensated line as shown in Fig. 4. 4 and Fig. 4. 5.The simulations presented

next will consider active damping by series virtual resistor on the rotor circuit by means of

the RSC. The impedance with the active damping is shown in Fig. 4. 12. As can be seen,

the added damping moves the resonant frequency to 12 Hz where the phase differences

Fig. 4. 11:  Active damping through series virtual resistance on the RSC. 
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Fig. 4. 12: Impedance responses of the example Type-III turbine with active damping in the 
RSC. 
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between the turbine and the grid impedance is reduced to about 135 degrees. This change in

cross-over frequency is minor, but the increase in phase margin is enough to guarantee stability. 

The simulated results are shown in Fig. 4. 13. To highlight the effects of the damping

on the resonance, the strong line was tripped with the mitigation controls deactivated, after

the resonance reaches a significant magnitude, but before the system becomes out of con-

trol, the damping control are turned on and the resonance is damped in around 1 seconds.

The same system was also simulated from the start with the damping active, the effects of

the damping controls on the output duty cycle was less than 0.1% when resonance was not

present (strong grid). This suggests that the proposed damping controls could be kept

while the turbine is operating nominally, and if conditions that lead to SSR are present the

effects of the damping controller will ramp up. If the controller is implemented by first

detecting the resonance before switching on the mitigation controls, this detection must be

made quickly (less than 200 ms) and the control action implemented quickly. If this is not

the case, the SSR will perturb the turbine to an unstable point where damping the reso-

nance is no longer possible. 

The series damping through the RSC was also tested on different wind and power con-

ditions and for additional turbine parameters. The first turbine’s impedance is not affected

greatly by the wind speed or output power (dominated by passives), and in simulations the

effects of the damping controls where not seen to change amongst the different tests. The

second turbine simulated is the second turbine in Table. 3. 1. The simulations with the sec-

ond turbine show that changes in wind speed and output power change the SSR frequency

between 10-20 Hz, although the phase margin remains between 0-5 degrees. This is con-

sistent with the fact that this turbine has a stronger converter impedance with respects to

the induction machine. In this case, the changes in power and wind speed greatly affect the

converter impedance which is a larger part of the overall impedance. Even in this case, the

SSR was damped successfully for the tested cases using a virtual resistor. These simu-

lations also serve to justify why the mitigation solution must have a wide-band action
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between about 10-45 Hz and that the time before the turbine becomes unstable is not con-

stant but might change depending on the operating conditions. 

4.4   Conclusions

Several approaches to damping SSR in type-III wind turbines were shown in this

chapter. The benefits of using mitigation methods based on the previously developed

methods was shown in both the ease of implementation and tuning of the dampers while

still maintaining the desired performance. Using the turbine impedance to design passive

damping is not practical because the amount of power dissipation necessary to damp the

resonance is within the same of order of magnitude of the rated turbine power, therefore,

alternate methods are devised. 

Active methods that rely on impedance shaping by changing the gains of the regula-

tors are not enough when the constraints on the controller bandwidths are considered. The

PLL cannot be slowed down below around 10 Hz and the current regulator cannot be

faster than around ten percent of the switching frequency. While some special cases may

exist in which moving the bandwidths a few Hz in the appropriate direction may indeed

damp SSR, in general, it will not be a widely effective method. 

A new method was suggested that uses the current and voltage measurements to emu-

late new virtual impedance in the power circuit through changes in the controls. These

additional damping controls are appropriately filtered so that the fundamental and switch-

ing frequencies are not introduced into it. This way, the damping controller will respond

only to the low-frequency components due to SSR. This method is implemented and sim-

ulated in the real-time simulator. It was shown to effectively damp unstable resonance

when activated and it was also shown that the system can run in steady state with the

damper controls activated and not have the performance deteriorate when the resonance is

nor present. 
76



CHAPTER 5  SUMMARY

This thesis has shown the development, validation and use of small-signal impedance

models for type-III wind turbines. The major contributions of this work include the proper

modelling of the induction machine effects on the reflected RSC for both ideal and SRF-

PLL. In addition, the models were used to analyze resonance between the wind turbines

and the grid and evaluate multiple damping methods based on the impedance results. 

Chapter 2 included the dynamic models of the induction machine and power convert-

ers that are used to simulate the wind turbine. These dynamics, in addition to the control

functions, are essential to understand and present as this is what the small-signal models

will represent in the frequency domain. The control functions for the wind turbine that are

used in this thesis are derived directly from the physical operation of the machine and

detailed in this chapter. This chapter also introduces the real-time simulator that is used

further in the Thesis and justifies its use in the simulation of micro-second scale switching

of power converters.

Chapter 3 presented the modelling of the turbine considering all frequency ranges and

operating conditions. The impedance models start from the assumptions of a small-signal

perturbation that will not excite the mechanical or dc bus voltage dynamics. This leads

directly to the simplification of modeling the rotor-side converter and stator-side converter

as parallel impedances. The RSC impedance is behind the induction machine, and which

dynamics on the frequency domain signals must be evaluated. The effects of the machine

on the frequency and amplitude of the different signals and parameters was detailed in this

chapter and included as an essential step in the modeling procedure. The final models

were separated into multiple equations to represent the negative- and positive-sequence

impedance under different operating conditions and at different frequencies. These models

were then validated against impedance scans using a real-time simulator with the com-

plete wind turbine dynamics. 
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Chapter 4 has shown how the impedance models of the previous chapter can be used

to develop resonance mitigation controls based on the impedance. Several possible mitiga-

tion methods that would change the impedance of the machine are not practical when the

dynamics performance of the wind turbine is considered. Passive dampers will consume

too much power and just altering the gains of the controllers is not a method that can be

used in general. The proposed damping strategy uses the current measurements to create

an additional feedback loop through a damping transfer function. This transfer function

represent an impedance on a specific part of the turbine and is filtered so that it does not

respond to the fundamental or switching frequencies. This damping method is tested in

simulations and it was seen to properly respond to and mitigate resonance between a wind

turbine and a series compensated transmission line. 
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