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ABSTRACT
Traditionally, a P-Q Capability Chart is usually used to specify the safe operation
boundary for a synchronous generator. With the increased development of inverter-based
resources (IBRs) and interconnection of IBRs to the grid, IBR P-Q Capability Charts are also
developed and proposed by the power industry to assure IBR operation efficiency and reliability.
This thesis presents an evaluation about IBR control relation with the IBR P-Q capability,
development of the IBR output active and reactive power models for IBR control in dq vector
framework considering different filtering mechanisms and development of algorithms for
computing IBR P-Q capability considering constraints that are specific to an IBR inverter and
different from those for a synchronous generator. The proposed study considers the impact of
different IBR grid-connected filters, IBR vector control implementation in the dq reference
frame, and different pulse-width modulation methods applied to IBR inverters. The models and
algorithms developed for the P-Q capability analysis have considered distinct IBR constraints
that are different from those for a traditional synchronous generator. Also, this thesis presents a
comprehensive evaluation of IBR P-Q capability curves under different conditions and P-Q
capability theoretical evaluation for L-filter IBR. Both theoretical study for a special case and
complete simulation evaluation are conducted to obtain IBR P-Q capability characteristics that
are important for IBR control, operation and management, and for the development of
international standards for interconnecting IBRs to the transmission and sub-transmission grids,
such as IEEE P2800. In addition, this thesis present and derivate the equation for IBR P-Q
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capability curve with L-filter, that can work in most different perimeters to help the IBR P-Q
capability curve can work in different condition in industry.
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Inverter-Based Resource
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1. INTRODUCTION
1.1 Background
With the development of the electric grids and the increasing power generation from
renewable resource, the renewable resources such as wind and solar photovoltaic (PV) power
plants are become more and more important for the power system in United States and around
the world. The renewable resources are 19.3% of humans’ global energy consumption and 24.5%
generation of electricity in 2015 and 2016. The globe investments in renewable energy is more
than 286 billion [1]. The renewable resources are either completely or partially interconnected to
the grid through power electronic inverters, hence referred to as inverter-based resources (IBRs).
Although IBRs can present new opportunities in supporting grid control and responding to
abnormal grid conditions, maintaining control effectiveness and reliability of an IBR presents a
great challenge to the energy industry.
Traditionally, for a synchronous generator, a boundary within which the machine can
operate safely is defined via the P-Q Capability Curve and is used to guide the control of the
generator. It is also known as Operating Charts or Capability Charts [2, 3]. The permissible
region of operation is restricted to the points as follows [4]: 1) The MVA rating of the generator
should not be exceeded. This limit is determined by the heating of the stator windings caused by
the armature current; 2) The MW loading of the generator should not go beyond the rating of the
prime mover; 3) The field current should not exceed a rated value determined by the heating of
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the field winding; 4) The load angle δ must be less than 90 degrees to assure the stable operation
of the generator.

Fig. 1.1 Traditional Operating charts and Capability charts from [2, 3]
Similarly, to assure the safe operation of IBRs as well as the development of
international standards for IBR grid interconnection, P-Q capability curves have also been
proposed or developed in the power and electric utility industry. The NERC (North America
Electric Reliability Corporation) Reliability Guideline in [5] presented an IBR capability curve
with near semi-circle capability and another semi-circle IBR capability curve with fixed reactive
capability at around 0.95 per unit active power output levels, both of which show reactive
capability for nominal voltage, similar to a synchronous generator capability curve in Fig. 1.1.
The Electric Reliability Council of Texas (ERCOT) presented a rectangle P-Q capability curve
that needs to meet at the Point of Interconnection (POI) [6]. The Sandia’s report about Reactive
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Power Interconnection Requirements for PV and Wind Plants [6] presented triangular,
rectangular and D-shape capability curves at the nominal voltage.
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Fig. 1.2 IBR PQ capability curves from NERC [4] and ERCOT [5]
With the increasing penetration of inverter-based resources connected to the the bulk
power system (BPS), the industry is faced with interconnecting new technologies with new
capabilities as well as a rapidly changing landscape. Unlike synchronous generators that
predominantly respond to grid events with classical mechanics, inverter-based resource response
is driven by advanced controls. These controls are configurable and capable of providing similar
essential reliability services (ERSs) as synchronous generating resources; however, the industry
is faced with providing sufficient guidance during the interconnection process to clearly describe
what capabilities and control settings are desired. Due to the electronic nature of inverter-based
resources, it is important to have flexible yet clear requirements for how these resources should
behave. Leaving requirements vague or incomplete can lead to abnormal or even adverse
behavior for the reliability of BPS[5].
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1.2 Problem Definition
An IBR has a highly complex control system that is different from a synchronous
generator. Also, the IBR operation is constrained by several factors, some of which are similar to
the synchronous generator while others are quite different. In addition, for IBR interconnection
to the grid, a grid-connected filter is required. The three main harmonic filtering topologies for
IBRs are L, LC, and LCL filters [8]. All these factors affect the IBR P-Q capability, which is
crucial for safe operation of IBRs and development of international standards as more IBRs are
connected to the grid.
Many abnormal IBR operations have been reported in the literature. In [9], the author
presents field records of unstable operations from grid-connected PV plants and points out that
the causes of the instabilities may involve interactions among PV inverter control systems and
grid impedance characteristics.
The Author in [10] shows that generation loss of Type-4 wind and solar farms has
appeared many times in coincidence with routine utility-owned capacitor switching and the
article indicates that the lack of a clear industry guideline has caused confusion to all involved
parties.
The authors in [11] presented and analyzed a large number of protection challenges
caused by abnormal IBR operations.
In addition, many recent research articles pointed out that weak grids could have caused
a lot of abnormal and unstable IBR operations [12-14].
The purpose of this thesis is to provide a comprehensive P-Q capability study for IBRs
considering different IBR filtering mechanisms, control characteristics, pulse-width modulation
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schemes, grid voltage impact, and parameter change impact. The specific contributions of the
thesis include:
1) A study on how the IBR P-Q capability is considered in building the IBR control for
the IBR grid interconnection.
2) Development of the IBR output active and reactive power models for IBR control in
d-q vector framework considering different filtering mechanisms.
3) Development of algorithms for computing IBR P-Q capability considering
constraints that are specific to an IBR inverter and different from those for a
synchronous generator.
4) Comprehensive evaluation of IBR P-Q capability curves under different conditions.
5) Electromagnetic transient (EMT) simulation to evaluate IBR abnormal operations
from dynamic IBR P-Q capability perspectives.
6) P-Q capability theoretical evaluation for an L-filter IBR.

1.3 Thesis organization
The rest of the thesis is structured as follows.
Chapter 2 the basic IBR characteristics and control configuration are presented.
Chapter 3 develops IBR active and reactive power models under IBR dq vector control.
Chapter 4 the algorithms to determine IBR P-Q capability curves are developed.
Chapter 5 a comprehensive IBR P-Q capability evaluation is given.
Chapter 6 further presents a theoretical P-Q capability study for an L-filter based IBR.
Chapter 7 the derivation of P-Q capability curve equation.
Chapter 8 the thesis concludes with summary remarks.
5

2. INVERTER-BASED RESOURCES, GRID INTERCONNECTION AND CONTROL

Inverter-based resources pose benefits as well as challenges for BPS, and the industry is
faced with a growing penetration of these resources connected to the BPS. Inverter-based
resource response to grid conditions is dominated by advanced controls programmed into the
inverters and plant-level controls. These controls are configurable and capable of providing
similar ERS as synchronous generating resources. However, the challenge centers on ensuring
clear and consistent performance specifications for these resources since their response is driven
predominantly by controls rather than the physical design of the equipment. [5].

2.1 Inverter-based resources

An IBR generally is interfaced to BPS via one or more power electronic inverters.
Typical IBRs include variable speed doubly-fed induction generator (DFIG) wind turbine (Type
3), variable speed permanent magnet synchronous generator (PMSG) wind turbine (Type 4),
solar photovoltaic (PV) generator, and battery energy storage (including electric vehicle charging
stations) [12-15]. Except for the Type 3 wind turbine, others are normally interfaced to the BPS
via a full-scale dc/ac inverter as shown in Figure 2.1, which is the focus of this thesis.
For a Type 4 wind turbine and solar PV generator, the active power always flows from
an IBR unit to the BPS, but for a battery energy storage and charging station, the active power
can flow either from an IBR to the BPS for discharging or from the BPS to the IBR for charging.
6

For all these full inverters interfaced IBRs, the reactive power is bidirectional, i.e., either
generating from an IBR to the BPS or absorbing from the BPS to the IBR. For all, the active and
reactive power transferred between an IBR and the BPS depends on how an IBR is controlled.

To Grid

a)

To Grid

b)

To Grid

c)

Fig. 2.1 Full inverter interfaced IBRs: a) Type 4 wind turbine, b) Solar PV generator, c) Battery
energy storage

2.2 Solar energy
Photovoltaic power supplied to utility grid become more and more important part in
renewable source. PV cell is an all electrical device by absorbing energy by sunlight to produce
electrical power. A PV module is made up of around 36 or 72 cells connected in series. The PV
cell produce a DC electrical power and need transfer to AC power to connect the grid. Fig 2.2 is
a general block diagram of a grid connected PV system.
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Fig 2.2 Block diagram of a single-phase grid connected PV system including control

The PV array can be a single panel, a string of PV panels or a multitude of parallel
string of PV panels. There are three kinds of main topology for the PV system, they are central
inverters, string inverter and module integrated inverter. Central inverters are arranged in many
parallel strings that are connected to a single central inverter on the DC-side. The central inverter
is lower cost for system, but the energy yield of PV plant decreases due to module mismatching
and potential partial shading conditions. Similar to the central inverter, the PV plant can divide
into some parallel strings, each string is connected to a string inverter. The strings inverter have
capability of separate Maximum power point tracking of each PV sting. It can reduce the module
mismatching and potential shading losses. Module intergrade inverter method is using an
inverter for each module. This topology can optimize the adaptability of the inverter to PV
characteristics. The structures for PV system show as Fig 2.3.
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Fig 2.3 Structures for PV systems: a) Central inverter, b) String inverter and c) Module
integrated inverter.[27]
For the grid connected PV inverter, the most common control structure for the dc/ac
grid converter is using a current controlled H bridge PWM with a filter. The use LCL filter
design is show as Fig 2.4

Fig 2.4 H bridge PV converter with LCL filter[27]

2.3 Wind energy
Wind turbine is one of the most important IBR, which capture power from wind by the
fan blades and convert it to rotating mechanical power. There are four to five generations of
wind turbines exist and it is now proven technology. It needs to control and limit the converted
mechanical power at higher wind speed. The wind turbine system developed from without power
9

electronics to with partially rated power electrics and full-scale power electronic interfaced.
Nowadays, most used wind turbine system is the full-scale power converter between the
generator and grid. Fig 2.3 shows four familiar full-scale power electronic wind turbine system.

Fig. 2.5 Wind turbine systems with full-scale power converter: a) Induction generator with
gearbox, b) Synchronous generator with gearbox, c) Multi-pole synchronous generator, d) Multipole permanent magnet synchronous generator [28]
Fig 2.5a and Fig 2.5b have a gear box, the Fig 2.5b by the synchronous generator needs
a small power converter to excited field. Fig 2.5c and Fig 2.5d are multipole system with the
10

synchronous generator without gear box and the Fig 2.5d is using PMSG which becoming
cheaper and thereby more attractive. the generator is decoupled all above system have the same
controllable characteristics.
Controlling a wind turbine involves both fast and slow control dynamics. The power has
to be controlled by means of the aerodynamic system and has to react based on a set-point given
by a dispatched center of locally with the goal to maximize the power production based on the
available wind power. Fig 2.6 show the type 4 wind system, which is industrially used today. A
passive rectifier and a boost converter are used in order to boost the voltage at low speed. The
grid-side converter is keeping the dc link voltage fixed. Inner current loop and power loop for
wind turbine control just operation as Fig 2.7b.

Fig 2.6 control of PMSG [28]

2.4 Energy storage
Both solar and wind energy often need battery to storage the energy, Utility-scale
battery energy storage systems featuring fast response characteristics can provide an economic
and promising alternative to smooth the output power of RES [29]. There are two main method
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of the power electronics for the systems which are transformer based and transformerless. The
transform-based topologies use 2 or 3 level converters, which is consists of 2 or 3 level converter
and a line frequency transform show as Fig 2.7.

Fig 2.7 3 level converter transformer-based energy storage[29]
The line-frequency transformer used in the previously described PE units is bulky, lossy
and costly. Therefore, the transformerless method had been developed. There is two topologies
of the transformerless energy storage, series connection of semiconductors and series connection
of sub-modules. For the first topologies the structure is similar to the transformer based without
the transformer. This topology only working in a low switch frequency to less the switching
losses. The sub-modules topology is use cascaded H-bridge converter or modular multilevel
converter show as Fig 2.8.
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Fig 2.8 series connection of sub-modules energy storage (a) cascaded H-bridge converter (b)
modular multilevel converter[29]
2.5 Control of a full inverter interfaced IBR
An IBR for wind, solar and battery storage has a common configuration as shown in
Fig. 3a, which consists of an IBR-side converter, a dc-link capacitor, a grid-side converter, and a
grid filter between the inverter output terminal and the point of the common coupling (PCC) with
the grid [12-15]. The IBR-side converter is typically an ac/dc converter for a Type-4 wind and a
dc/dc converter for solar and battery; the grid-side converter is a dc/ac inverter. The task of the
controller applied to the IBR-side converter is for power extraction from wind/solar or for energy
13

management of battery; the task of the controller applied to the grid-side inverter is to maintain a
constant dc-link voltage and regulate reactive power according to a grid demand. For an IBR as a
whole to the grid, it is equivalent to assume that the dc-link voltage is constant while the
controller of the grid-side inverter (Fig. 2.1b) has a cascaded inner-loop current controller plus an
outer-loop active and reactive power controller, usually designed in the dq reference frame based
on the PCC voltage orientation. The outer-loop power controller generates d- and q-axis
reference currents and the inner-loop current controller generates d- and q-axis control voltages,
v*d_inv and v*q_inv. The voltage injected to the BPS at the inverter terminal vdq_inv is related
to the control voltage as follows [16],
*
vdq _ inv = kPWM  vdq
_ inv

(1)

where PWM represents the ratio of the IBR terminal voltage to the controller output voltage
resulted from the pulse width modulation (PWM) [16].
The purpose of the outer-loop power controller is to adjust the IBR output active and
reactive powers at the PCC to follow the reference active and reactive powers, P*PCC and Q*PCC,
at the steady state. To assure the safe operation of an IBR, the reference power commands
presented to the controller in Fig. 3b must be within the P-Q capability region that is permissible
by the IBR inverter due to the physical constraints of the inverter.

IBR-side
Converter

Grid-side
Inverter

IBR
Controller

Inverter
Controller
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Grid
filter

To Grid

a)

b)

Fig. 2.9 Control of full inverter interfaced IBR: a) IBR as well as IBR controllers, b) Equivalent
IBR inverter controlle
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3. IBR INVERTER P-Q MODEL IN DQ REFERENCE FRAME UNDER DIFFERENT
FILTERS
In order to gain the P-Q capability curves of an IBR, P-Q models of an IBR inverter
needs to be obtained, which should be developed by considering IBR control characteristics as
described above. As shown in Chapter 2, the controller of the IBR inverter is designed in a dq
reference frame and the purpose of the outer-loop power controller is to regulate IBR output
power at the steady-state to the reference active and reactive power. Hence, to understand how
the IBR P-Q capability should be considered in building the IBR control for the IBR grid
interconnection, it is important to derive the IBR steady-state output power model at the PCC
using the same dq reference frame. Then, based on the IBR output power model developed in
this section, we will investigate how to obtain dynamic IBR P-Q capability considering the
impacts of the grid, IBR filter parameters, IBR physical constraints, etc. in the sections that
follow.
On the other hands, the P-Q capability curves looking at the PCC are affected by the
types of the grid-connected filters used for the BPS interconnection. Typical IBR filtering
strategies include L, LC and LCL filters. As a result, P-Q models should be derived by
considering the three different filtering mechanisms.
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3.1 P-Q model of an L-filter based IBR
Table 3.1 The symbols in L-filter based IBR
Rf Lf
va_inv vb_inv vc_inv
vd_inv vq_inv
va,b,c
vd vq
ia,b,c
id iq

the resistance and inductance of the grid-connected filter
the IBR inverter terminal voltage in the three-phase ac system
the corresponding voltages in the dq-reference frame
the three-phase PCC voltage
the corresponding voltage in the dq-reference frame
the three-phase current flowing through the L-filter to the BPS
the corresponding current in the dq-reference frame

Table 3.1 and Fig. 3.1 show the schematic of an IBR with an L-filter for the grid
interconnection, in which Rf and Lf are the resistance and inductance of the grid-connected filter,
va_inv, vb_inv, vc_inv represents the IBR inverter terminal voltage in the three-phase ac system and
the corresponding voltages in the dq-reference frame are vd_inv and vq_inv, va,b,c is the three-phase
PCC voltage and the corresponding voltage in the dq-reference frame are vd and vq, ia,b,c is the
three-phase current flowing through the L-filter to the BPS and the corresponding current in the
dq-reference frame are id and iq.

Vdc

+

-

Rf

Lf

ia

va

vb_inv

ib

vb

vc_inv

ic

vc

va_inv

PCC
Fig. 3.1 L-filter-based grid-connected converter schematic
Using the generator sign convention, the voltage balance across the L-filter inductor in
the dq reference frame is [17]
17

va _ inv 
ia _ inv 
ia _ inv  va 
d 




  
 vb _ inv  = Rinv ib _ inv  + Linv dt ib _ inv  + vb 
 vc _ inv 
ic _ inv 
ic _ inv   vc 







(2)

Transfer (2) from the abc to dq is

vd _ inv 
v
 = Rf
 q _ inv 

id 
−iq  vd 
d id 
i  + L f i  + s L f   + v 
dt  q 
 id   q 
 q

(3)

where s is the angular frequency of the BPS voltage. In terms of dq vectors, (3) is
expressed by a complex equation (4) in which vdq, idq, and vdq_inv are instantaneous dq vectors of
the PCC voltage, grid current, and IBR inverter output voltage in the dq reference frame.

vdq _ inv = R f  idq + L f

d
idq + js L f  idq + vdq
dt

(4)

In the steady-state condition, (4) becomes (5), where Vdq, Idq and Vdq_inv denote the
steady-state dq vectors of PCC voltage, line current, and inverter output voltage.

Vdq _ inv = R f  I dq + js L f  I dq + Vdq

(5)

Using PCC voltage orientation [15], we have Vdq = Vd + j 0 if the d-axis of the reference
frame is aligned along the grid PCC voltage. Assume Vdq _ inv = Vd _ inv + jVq _ inv . Then, the current
flowing between the BPS and the IBR according to (5) is

I dq =

Vdq _ inv − Vdq
Zf

=

Vd _ inv − Vd
Zf

+

jVq _ inv
Zf

(6)

where Zf= Rf + js Lf stands for the grid filter impedance.
The power flowing from the IBR to the BPS can be achieved from the complex power
equation,
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*
*
PPCC + jQPCC = Vdq I dq
= Vd I dq

(7)

If neglecting L-filter resistor Rf, the power flowing from the IBR to the BPS is

PPCC =
QPCC

VdVq _ inv
Xf

(8)

V
= d (Vd _ inv − Vd )
Xf

According to (8), the active and reactive powers, PPCC and QPCC, transferred from the
IBR to the BPS are controlled through q- and d-axis components, Vq_inv and Vd_inv, of the IBR
output voltage injected into the BPS, respectively.

3.2 P-Q model of an LC-filter based IBR
Table 3.2 the symbols in LC-filter based IBR
Rf Lf
va_inv vb_inv vc_inv
vd_inv vq_inv
va,b,c
vd vq
ia,b,c
id iq
ia_inv ib_inv ic_inv
id_inv iq_inv
C

the resistance and inductance of the grid-connected filter
the IBR inverter terminal voltage in the three-phase ac system
the corresponding voltages in the dq-reference frame
the three-phase PCC voltage
the corresponding voltage in the dq-reference frame
the three-phase current flowing through the L-filter to the BPS
the corresponding current in the dq-reference frame
the three-phase IBR output current through the LC-filter
inductor
the corresponding current in the dq-reference frame
the LC-filter capacitor

Table. 3.2 and Fig. 2.2 shows the schematic of an IBR with an LC-filter, in which C
stands for the LC-filter capacitor, ia_inv, ib_inv, ic_inv are the three-phase IBR output current through
the LC-filter inductor and the corresponding current in the dq-reference frame are id_inv and iq_inv,
and other terms are the same as those described in Chapter 3.1.
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va_inv Rf
Vdc

+
-

Lf

ia_inv vca

ia

va

vb_inv

ib_inv

ib

vb

vc_inv

ic_inv

vcc ic

vc

vcb

C

PCC

Fig. 3.2. LC-filter-based grid-connected converter schematic
Then, the voltage balance over the LC-filter inductor is (9) while the current balance
over the LC-filter capacitor is (104)

va _ inv 
ia _ inv 
ia _ inv  va 
d 




  
 vb _ inv  = Rinv ib _ inv  + Linv dt ib _ inv  + vb 
 vc _ inv 
ic _ inv 
ic _ inv   vc 







(9)

ia _ inv  ia 
vca 
d  

  
ib _ inv  = ib  + C dt vcb 
ic _ inv  ic 
 vcc 



(10)

Transfer (9) and (10) from the abc to dq is

vd _ inv 
v
 = Rf
 q _ inv 

id _ inv 
d id _ inv 
i
 + L f i
 + s L f
dt  q _ inv 
 q _ inv 

−iq _ inv  vd 
i
+ 
 d _ inv   vq 

id _ inv  id 
−vq 
d vd 
i
 = i  + C  v  + Cs  
dt  q 
 vd 
 q _ inv   q 

(11)

(12)

Using dq vectors, (11) and (12) can be expressed by (13) and (14) in which idq_inv is the
dq vector of the instantaneous current through the LC-filter inductor in the dq reference reframe.

vdq _ inv = R f  idq _ inv + L f

d
idq _ inv + js L f  idq _ inv + vdq
dt
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(13)

idq _ inv = idq + C

d
vdq + jsC  vdq
dt

(14)

In the steady-state condition, (13) and (14) become (15) and (16), where Idq_inv denote
the steady-state space vector of the LC-filter inductor current in the dq reference reframe.

Vdq _ inv = R f  I dq _ inv + js L f  I dq _ inv + Vdq = Z f  I dq _ inv + Vdq

(15)

I dq _ inv = I dq + jsC Vdq = I dq + j Vdq X C

(16)

In (15), XC=1/(sC). Thus, the steady state current flowing from the IBR to the BPS at
the PCC is solved as follows

I dq =

Vdq _ inv − Vdq
Zf

−j

Vdq

(17)

XC

The power flowing into the BPS at the PCC can be obtained based on the complex
power equation. If neglecting the resistor Rf, the power flowing into the BPS at PCC is

PPCC =
QPCC =

VdVq _ inv
Xf

Vd (Vd _ inv − Vd )
Xf

(18)

Vd2
+
XC

which indicates that the IBR output active and reactive powers at the PCC are like those
shown by (8) except that the reactive power is a bit more positive. Thus, under the same d-axis
control voltage, the IBR reactive power at the PCC is more toward generating.
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3.3 P-Q model of an LCL-filter based IBR

Table 3.3 the symbols in LCL-filter based IBR
Rf Lf
Rg Lg
va_inv vb_inv vc_inv
vd_inv vq_inv
va,b,c
vd vq
ia,b,c
id iq
ia_inv ib_inv ic_inv

the resistance and inductance of the inverter-side inductor
the resistance and inductance of the grid-side inductor
the IBR inverter terminal voltage in the three-phase ac system
the corresponding voltages in the dq-reference frame
the three-phase PCC voltage
the corresponding voltage in the dq-reference frame
the three-phase current flowing through the L-filter to the BPS
the corresponding current in the dq-reference frame
the three-phase IBR output current through the LC-filter
inductor
the corresponding current in the dq-reference frame
the LC-filter capacitor
the three-phase voltage of the capacitor
the corresponding voltage in the dq-reference frame

id_inv iq_inv
C
vca cb,cc
vcd vcq

Table. 3.3 and Fig. 3.3 shows the schematic of an IBR with an LCL-filter, in which Rf
and Lf are the resistance and inductance of the inverter-side inductor, Rg and Lg are the resistance
and inductance of the grid-side inductor, vca,cb,cc is the three-phase voltage of the capacitor and the
corresponding voltage in the dq-reference frame are vcd and vcq, and others are the same as those
defined in Chapter 3.2.

va_inv Rf

+
-

Lf

Lg

ia_inv vca

vb_inv

ib_inv

vc_inv

ic_inv

Rg

vcb
vcc

C
Fig. 3.3 LCL-filter-based grid-connected converter schematic
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ia

va

ib

vb

ic

vc

PCC

Then, the voltage equation of the grid-side inductor is

vca 
ia 
ia  va 
 v  = R i  + L d i  +  v 
g  b
g
b
b
 cb 
dt    
 vcc 
ic 
ic   vc 

(19)

Transfer (19) from the abc to dq is

vcd 
id 
−iq  vd 
d id 
v  = Rg i  + Lg i  + s Lg   +  v 
dt  q 
 id   q 
 cq 
 q

(20)

The voltage equation of the inverter-side inductor is

va _ inv 
ia _ inv 
ia _ inv  vca 
d 




  
 vb _ inv  = Rinv ib _ inv  + Linv dt ib _ inv  + vcb 
 vc _ inv 
ic _ inv 
ic _ inv   vcc 







(21)

Transfer (21) from the abc to dq is

vd _ inv 
v  = R f
 q _ inv 

id _ inv 
d id _ inv 
i  + L f i  + s L f
dt  q _ inv 
 q _ inv 

−iq _ inv  vcd 
i
+ 
 d _ inv   vcq 

(22)

The current equation of the LCL capacitor is

ia _ inv  ia 
vca 
d  

  
ib _ inv  = ib  + C dt vcb 
ic _ inv  ic 
 vcc 



(23)

Transfer (23) from the abc to dq is

id _ inv  id 
−vcq 
d vcd 
i
 = i  + C  v  + Cs 

dt  cq 
 vcd 
 q _ inv   q 

(24)

Using dq vectors, (21), (23) and (24) are expressed by (25), (26) and (27), respectively,
in which vcdq is the instantaneous dq vector of the LCL capacitor voltage.
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vcdq = Rg  idq + Lg

d
idq + js Lg  idq + vdq
dt

vdq _ inv = Rinv  idq _ inv + Linv
idq _ inv = idq + C

d
idq _ inv + js Linv  idq _ inv + vcdq
dt

d
vcdq + jsC  vcdq
dt

(25)

(26)

(27)

In the steady-state condition, (25), (26) and (27) become (28), (29) and (30), where Vcdq
represents the steady-state dq vector of the LCL capacitor voltage in the dq reference reframe.

Vcdq = Rg  I dq + js Lg  I dq + Vdq

(28)

Vdq _ inv = R f  I dq _ inv + js L f  I dq _ inv + Vcdq

(29)

I dq _ inv = I dq + jsC Vcdq

(30)

From (28) - (30), the steady state current flowing into the BPS at the PCC is

Z 

Vdq _ inv − Vdq 1 + j  f 
XC 

I dq =
Z Z
Z f + Zg + j  f g
XC

(31)

where Zg= Rg + js Lg stands for the impedance of the grid-side inductor. If neglecting
the resistors Rf and Rg, the power flowing from the IBR to the BPS at the PCC is

PPCC =

VdVq _ inv
X X
X f + Xg − f g
XC

(32a)

Xf
Vd (Vd _ inv − Vd )
XC
=
+
X X
X X
X f + Xg − f g X f + Xg − f g
XC
XC
Vd2

QPCC
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(32b)

which indicates that the PCC active and reactive powers, like the IBRs with an L- or LC-filter,
are also controlled by the IBR inverter q- and d-axis output voltages, respectively.
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4. ALGORITHMS TO DETERMINE P-Q CAPABILITY CURVES

The control of an IBR inverter is limited by two factors: 1) the rated power of the
inverter and 2) PWM saturation limit of the inverter. For the existing IBR inverter control
methods, the reference power commends presented to the IBR controller as shown in Fig. 2.2b
cannot be over these two limits. Otherwise, it would result in trips or inappropriate operation of
the IBR.

4.1 Algorithm for calculating P-Q capability considering rated power/current constraint
At the nominal voltage, the IBR P-Q capability considering the rated power constraint is
easy to get. Assume the rated apparent power of the IBR inverter is Srated. Then, the reference
power commands presented to the controller as shown in Fig. 2.2b need to satisfy the following
equation:

( P ) + (Q )
2
*
PCC

2
*
PCC

 Srated

(33)

where P*PCC can be positive (i.e. generating for wind, solar and battery storage) or negative (i.e.,
absorbing for battery charging), and Q*PCC can be positive and negative for all the three types of
IBRs shown in Fig. 1.
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However, if the PCC voltage is different from the nominal value, it is not appropriate to
determine the P-Q capability using (33). For example, under the low-voltage ride-through
condition, the actual PCC voltage will be much lower than the PCC nominal voltage, and the PQ capability determined using (33) would result in an IBR current that is much higher than the
IBR nominal or rated current. As an IBR is very sensitive to over current, instead of using (33),
the P-Q capability in general situations should be determined based on the rated IBR current as
follows

(I

) +(I

2
*
d _ PCC

)

2
*
q _ PCC

 I rated

(34)

Therefore, Algorithm 1 as shown below is developed to obtain the P-Q capability curve
considering the IBR rated current constraint.
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4.2 Algorithm for calculating P-Q capability considering PWM saturation constraint

Firstly, the P-Q capability considering the PWM constraint depends on which PWM
scheme is used by an IBR. In general, there are two PWM schemes used in an IBR inverter:
sinusoidal PWM (SPWM) and space vector PWM (SVPWM) [15]. Traditionally, SPWM is used
in most IBRs even though the SVPWM can result in a higher reactive power capability. For
better understanding of the P-Q capability, both SPWM and SVPWM are considered in this
thesis. Overall, from the PWM saturation constraint point of view, the IBR d- and q-axis control
voltages injected to the BPS at the inverter terminal should satisfy the following equation:

vd2 _ inv + vq2_ inv  Vdq _ max
where Vdq _ max =

3Vdc
2 2

for SPWM and Vdq _ max =

(35)

3Vdc
for SVPWM [16, 18].
2

Therefore, the following procedure is employed to obtain the P-Q capability curve
considering IBR PWM saturation constraint: 1) start with a dq control voltage vdq_inv whose
magnitude equals to Vdq_max; 2) calculate Idq based on (6), (17) and (31), respectively, for an IBR
with L, LC, and LCL filter; 3) calculate the power transferred to the BPS at PCC through
*
*
PPCC + jQPCC = Vdq I dq
= Vd I dq
; 4) repeat (1) to (3) for other dq control voltages; 5) draw P-Q

capability curve for selected dq control voltages. Based on the above procedure, Algorithm 2 as
shown below is developed to obtain the P-Q capability curve considering the IBR PWM
saturation constraint.
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5. IBR P-Q CAPABILITY ANALYSIS
Traditionally, the P-Q capability of an IBR is obtained based on the nominal condition,
such as nominal PCC voltage and nominal dc-link voltage. But, in real-life conditions, the grid
voltage is unknown, dc-link voltage may change, and grid-filter parameters may be different
from the nominal values. Therefore, this section focuses on studying the P-Q capability under
both nominal and non-nominal conditions. This is named as dynamic P-Q capability in this
paper, a new concept that is different from the traditional nominal P-Q capability.
An IBR inverter with the following parameters is used for the P-Q capability evaluation.
1) The rated power of the IBR inverter is 1.5MVA. 2) The dc-link voltage is 1500V. 3) The grid
short-circuit MVA is about 37MVA; the PCC line voltage is 60Hz and is basically constant at
690V rms. 4) For the L filter, the inductance is 0.4mH and the resistance of the inductor is
0.003Ω. 5) For the LC filter, the inductor remains the same, and the capacitance is 25µF. 6) For
the LCL filter, the capacitance is the same as the LC filter while the inductance is 0.2mH and the
resistance of the inductor is 0.0015Ω for both the inverter- and grid-side inductors. Therefore,
the IBR short-circuit MVA at the IBR output terminal is about 3.16MVA. All the P-Q capability
analysis shown below is in per unit (p.u.), in which the base power and voltage are the nominal
IBR power and PCC voltage.
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Table 5.1 Parameter of IBR P-Q capability model
Srated

The nominal power of the IBR inverter

1.5MVA

Vdc

The nominal dc-link voltage

1500V

VLL

The nominal PCC line voltage

690V rms

Lf

The inductance of L/LC filter

0.4mH

Rf

The resistance of the inductor for L/LC filter

0.003Ω

C

The capacitance of LC filter

25µF

Rf Rg The inverter-side and grid-side inductance of LCL filter

0.2mH

Lf Lg

The resistance of inverter-side and grid-side for LCL filter 0.0015Ω

f

The frequency of the PCC line voltage

60Hz

5.1 P-Q capability at the nominal condition
At the nominal condition, the PCC voltage is 1 per unit, i.e., 690V rms line-line voltage.
Considering the IBR PWM saturation constraint, the maximum IBR output voltage for the
nominal dc-link voltage of 1500V is

inverter and is

Vdc
Vbase = 1.3312 per unit if SPWM is employed for the IBR
2 2

2Vdc
Vbase = 1.5372 per unit if SVPWM is utilized, where Vbase represents the base
 2

phase voltage at the PCC. Therefore, the maximum inverter dq voltage Vdq_max in Alg. 2 would
be 1.3312 and 1.5372 per unit for the SPWM and SVPWM, respectively. Before obtaining the PQ capability curves, it is needed to convert the resistance and reactance of the grid filters into per
unit too. Then, the P-Q capability curves obtained using Alg. 1 and Alg. 2 are shown in Fig. 3.2.
In Fig. 3.2, one circle with the center at the point [0, 0] represents the rated IBR current circle

31

(RIC) while the other circles, PWML, PWMLC and PWMLCL, with the centers not at the point
[0, 0] signify the IBR PWM saturation constraint boundaries for the L, LC, and LCL filters,
respectively. As shown in Fig. 5.1, the IBR PWM saturation constraint circles are basically
overlapped for all the three filtering schemes because the capacitor in the LC and LCL filters are
mainly designed for IBR harmonic filtering purpose but not for the reactive power compensation.
In general, the permissible P-Q area is the area enclosed by both the RIC and the IBR PWM
saturation constraint circle. Note: under the nominal condition, RIC also represents IBR rated
power circle. From Fig. 5.1, the following observations are obtained:
1) Under the nominal IBR condition specified above, the P-Q capability area is quite
different from the P-Q capability of a synchronous generator and from the traditional IBR P-Q
capability curves used in the industry [5-7].
2) The IBR using the SVPWM has a much larger permissible P-Q capability area than
that of the IBR using the SPWM.
3) The IBR with the SPWM (Fig. 5.1a) has very limited reactive support capability (i.e.,
generating reactive power). Also, under the nominal condition, it is even not possible for the IBR
to transfer rated active power to the grid with the SPWM. However, the IBR with the SVPWM
(Fig. 8b) can greatly improve the reactive support capability even without any added cost and
size of the IBR system.
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RIC

PWML

PWMLC

PWMLCL

Reactive Power (p.u.)
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-4 -3 -2 -1 0 1 2 3 4 -4 -3 -2 -1 0 1 2 3 4
Active Power (p.u.) (a)

Active Power (p.u.) (b)

Fig. 5.1 IBR P-Q capability areas under nominal condition using (a) SPWM and (b) SVPWM

5.2 P-Q capability analysis under different dc-link and PCC voltages
According to (25) and Chapter 4, dc-link voltage and PCC voltage have important
impact to the permissible IBR P-Q capability area. The dc-link voltage is usually kept constant at
the nominal value via control of the grid-side inverter as shown in Fig. 1.2 while the selection of
the nominal voltage is a design issue of the IBR system. On the other hand, when an IBR injects
or absorbs active and reactive power into or from the grid, the PCC voltage may go up or down.
To understand how the dc-link voltage and PCC voltage affect the permissible IBR P-Q
capability area, an P-Q capability analysis is conducted using Alg. 1 and Alg. 2 for variable dclink and PCC voltages as shown in Fig. 5.2. Since the difference among the IBR L, LC, and LCL
filters is small, the results for the rest of Section V only focuses on the IBR with the LCL filter,
the primary filtering mechanism for IBRs. From Fig. 5.2, the following characteristics are
obtained:
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1)

The higher is the dc-link voltage, the larger is the permissible IBR P-Q capability

area (Figs. 5.2a).
2)

A low dc-link voltage would limit both IBR active and reactive power capability.

3)

When the dc-link voltage is high enough to cause the IBR PWM saturation

constraint circle enclosing the rated power circle, the permissible IBR P-Q capability area can be
determined by the rated current/power circle. However, a high dc-link voltage also increases the
IBR cost.
4)

If the dc-link voltage remains unchanged, increasing the PCC voltage enlarges the

RIC circle over the P-Q plane while the RIC circle shrinks when the PCC voltage decreases (Fig.
5.2b). This is due to the fact that under the same rated current of the inverter, the power
transferred to the grid would increase for a higher PCC voltage and reduce for a lower PCC
voltage. Especially, according to RIC circle in Fig. 5.2b, under the IBR low voltage ride-through
condition, both the active and reactive power that can be delivered to the grid could be reduced a
lot.
5)

Under a constant dc-link voltage, increasing the PCC voltage would shrink the

IBR PWM saturation constraint circle in the P-Q plane but increase the power delivered to the
grid on the other hand according to the analysis shown in (4). Similarly, reducing the PCC
voltage would enlarge the IBR PWM saturation constraint circle in the P-Q plane but reduce the
power delivered to the grid. As a result, the PWM saturation constraint circles as shown in Fig.
3.3b are obtained, which would be harder to estimate in real-life conditions and thus present
more challenges for IBR low- and high-voltage ride-through.
6)

Again, SVPWM can give a larger permissible P-Q capability area than SPWM

without any added cost.
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Fig. 5.2. IBR P-Q capability areas under different dc-link and PCC voltage conditions using
SPWM and SVPWM
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5.3 P-Q capability analysis under varying grid filter parameters
The parameters of the IBR grid-filters may change due to the temperature impact or
inconsistency of the actual IBR parameters with the factory specified nominal values. It is also
necessary to indicate that selection of the inductance and capacitance values is an issue to be
considered at the design stage of the IBR. Both can be considered as the situation of varying grid
filter parameters.

Q (p.u.)

RIC
PWM(R=0.0030W)

2 (a1)
(a2)
1
0
-1
-2
-3
-4
-5
-6
-4 -3 -2 -1 0 1 2 3 4 -4 -3 -2 -1 0 1 2 3 4
P (p.u.)
P (p.u.)
RIC
PWM(L=0.4mH)

Q (p.u.)

PWM(R=0.0015W)
PWM(R=0.0060W)

PWM(L=0.2mH)
PWM(L=0.8mH)

4
(b2)
(b1)
2
0
-2
-4
-6
-8
-10
-12
-8 -6 -4 -2 0 2 4 6 8 -8 -6 -4 -2 0 2 4 6 8
P (p.u.)
P (p.u.)

Fig. 5.3 IBR P-Q capability areas under different IBR grid filter parameters using SPWM (a1),
(b1) and SVPWM (a2), (b2)
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The analysis corresponding to variable IBR parameters was conducted as follows: 1) keeping the
inductance at the nominal value while changing the resistance by 50% off the nominal value, 2)
keeping the resistance at the nominal value while changing the inductance by 50% off the
nominal value. Figure 8 shows the simulation results for the two specified conditions. Also, it
was found that the impact of the capacitance of the grid filter is negligible and hence is not
included in Fig. 5.3. From Fig. 5.3, the following characteristics are obtained:
1)

As the resistance value of the grid filter changes, the RIC circle does not change

but the IBR PWM saturation constraint circle shifts around a little so that the permissible IBR
capability area is affected. Overall, the impact of the resistance value to the IBR P-Q capability is
small.
2)

As the inductance of the grid filter increases, the IBR PWM saturation constraint

circle becomes smaller, which reduces both the active and reactive power capability of the IBR.
According to Fig. 5.1b, the smaller the inductance value, the larger the active and reactive power
capability of the IBR. However, a too small inductance value would reduce the harmonic
filtering effect of the grid filter. Therefore, a proper selection of the inductance value is a design
issue that needs to be considered from both the harmonic filtering and the P-Q capability
perspectives.
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6. MATHEMATIC DERIVATION AND ANAYSIS OF P-Q CAPABILITY CURVE
EQUATION
In order to use Fig. 3.2 for any normal condition of the P-Q capability curve, this
chapter will show the equation of the curve and the derivation of the equation.
Fig. 3.2 is including the rated current circle and the PWM saturation circles for L filter,
LC filter and LCL filer. The RIC in per unit equation is
2
2
2
Prated
+ Qreted
= Vd2 I rated

(36)

Also, from the Fig. 3.2 the PWM saturation circles for L filter, LC filter and LCL filer
almost in same position, so in this chapter the equation for the PWM saturation is base on the L
filter. For the LC filter, it ignores the capacitor, and for the LCL filter, the L value will be the
sum of the two indictor and the capacitor will be ignored too. For different uses and condition,
this chapter will show three kinds of equation for the PWM saturation circles.

6.1 PWM saturation circle for small resister and nominal voltage
For some wind farm, the resister is very small relative to the indictor on the filer.
Therefore, the resister value can be ignored as 0. Also, most time of the PCC voltage can be set
as the nominal value witch often is 1 per unit value on d-component and 0 on q-component,
which is Vdq = 1 + 0 j . Base on the boundary value of (36) working under above condition, the
equation can derivate to
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Vdq2 max
X 2f

=

Vd2Vd2_ inv
X 2f

 Vd (Vq _ inv − Vd ) 1 

+
+

Xf
Xf 



2

(37)

For the above conditions the P-Q equation will be (2), and put P and Q to (26) the
equation of PWM saturation circle for small resister and nominal voltage will be

Vdq2 max
X 2f

=P

2
PCC


1 
+  QPCC +


X f 


2

(38)

From (27) the circle can be defined as center at (0,

V
1
) and radius is dq max .
Xf
Xf

The derivation from (36) to (38) is
Vdq2 max
X 2f
Vdq2 max
X 2f
Vdq2 max
X 2f
Vdq2 max
X 2f

=
=

=

Vq2_ inv
X 2f
Vd2_ inv
X 2f
Vd2_ inv
X 2f

=P

2
PCC

V

+  d _ inv 
 Xf 



2

V
−1 +1 
+  q _ inv


Xf



2

 (Vq _ inv − 1) 1 

+
+

Xf
Xf 




1 
+  QPCC +


X f 


2

2

6.2 PWM saturation circle for not small resister and nominal voltage
For some filter, the resister is not small enough or the rated power and nominal voltage
is not making the resister value in per unit small enough. Therefore, the resister value cannot be
ignored as 0. Same as chapter 7.1, the PCC voltage still can be set as Vdq = 1 + 0 j . Base on the
boundary value of (36) working under above condition, the equation can derivate to
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( X + R )V
=
(X + R )
2
f

Vdq2 max
X 2f + R 2f

2
f

2
f

2
d _ inv

2 2
f

( X + R )V
+
(X + R )
2
f

2
f

2
f

2
q _ inv

(39)

2 2
f

And by expanded (31) and derivate to
2

 R f Vd _ inv + X f Vq _ inv   X f Vd _ inv − R f Vq _ inv 
=

 + 

X 2f + R 2f 
X 2f + R 2f
X 2f + R 2f
 

Vdq2 max

2

(40)

Because of the resister value cannot be ignored, the P-Q equation cannot use (8), so the
new P-Q equation with resister value is

PPCC =
QPCC =

R f Vd _ inv + X f Vq _ inv − R f
R 2f + X 2f

(41)

X f Vd _ inv − R f Vq _ inv − X f
R 2f + X 2f

Put P and Q to (39) the equation of PWM saturation circle for not small resister and
nominal voltage will be
2


 

R
X
=  PPCC + 2 f 2  +  QPCC + 2 f 2 
2
2
X f + R f 
R f + X f  
R f + X f 
Vdq2 max

From (42) the circle can be defined as center at (−
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The derivation from (39) to (42) is
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6.3 PWM saturation circle for not small resister and any voltage
In addition, same as the chapter 7.2 the resister value not set as 0. And make the
equation can working in any PCC voltage value. the PCC voltage will be set as Vdq = Vd + 0 j .
Base on the boundary value of (36) and (39) working under above condition, the equation can
derivate to

Vdq2 max
X 2f + R2f

=

Vd2_ inv
X 2f + R2f

+

Vq2_ inv

(43)

X 2f + R2f
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Because of the voltage value become a variable, the P-Q equation cannot use (36), so
the new P-Q equation with resister value is
R f Vd _ invVd + X f Vq _ invVd − R f Vd2

PPCC =

R 2f + X 2f

(44)

X f Vd _ invVd − R f Vq _ invVd − X f Vd2

QPCC =

R 2f + X 2f

Put P and Q to (37) the equation of PWM saturation circle for not small resister and
nominal voltage will be
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The derivation from (42) to (45) is
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6.4 Analysis
From the beginning of this chapter, (36) can draw the rated current PQ circle which is the
center at the (0,0) point in the coordinate and the radius is Vd I rated , when both of the PCC voltage
and the rated current is 1 per unit, the curve is circle which is center at origin point and radius is
1, that same as the RIC in the Fig 5.1 and other same conditions RIC in the rest of figure in
chapter 5. When the PCC voltage changed like chapter 5.2, the radius of the circle changed same
as the voltage changed value. Similar as the PCC voltage, the rated current will affect the radius
of the RIC same as the value change for the rated current change.

For PWM circle, the (45) show that the radius is

VdVdq max
R 2f + X 2f

, when the PCC voltage

increase the radius will increase as same value. Also, the Vdq max is the from a linear equation with
dc link voltage, so if the dc link voltage change the radius will change some ratio as the voltage
change, which is same as the Fig 5.2. In addition, with the increasing of the resister and inductor
value for the filter, the radius will decrease, for most of filter, the resister in per unit value is far
less than the inductor, so the like the Fig 5.3, the radius affect by change of the resister is vary
43

small but the change of inductor almost as 1:1 radius changed. Furthermore, the center of the
circle is at (−

Vd2 R f
R2f + X 2f

,−

Vd2 X f
R2f + X 2f

) , the PCC voltage value will affect the position of the center

as square level far from the origin point, but the dc link voltage will not affect the center of the
circle, it is same as the Fig 5.2. Because of the value in per unit of resister and inductor is less
than 1, if the value of resister or inductor increase, the center will closer to the origin point it is
same as the Fig 5.3.Therefore, the equations show the same result as the algorithms in the
Chapter 4 and 5.
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7. IBR P-Q CAPABILITY VALIDATION VIA EMT SIMULATION
To evaluate the P-Q capability impact to the IBR safe and reliable operation, EMT
simulation of a grid-connected IBR (Fig. 6.1) was realized by using SimPowerSystems. It is
needed to point out that under an abnormal IBR operating condition, an IBR has to be tripped in
order to prevent any damage so that the full process of the abnormal operation is usually unable
to see or demonstrate via hardware experiments, which makes the EMT simulation important for
such an evaluation.
In Fig. 6.1a, the grid line voltage is 34.5kV, which is connected to the IBR via an RL
element representing the transmission line and a step-down transformer (34.5kV/690V). The IBR
is connected to the transformer via an LCL, which can be easily modified as an LC or L filter by
removing the grid-side inductor Lg and the capacitor C. A small passive damping resistance is
added to the LCL capacitor to assure the stability of the LCL-filter-based IBR [20]. In Fig. 8a, the
DER controller controls the active power extracted from the DER and sent to the grid based on a
reference power command P*, and the inverter controller controls the interconnection of the IBR
with the grid.
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(a) EMT simulation model of the grid-connected IBR in SimPowerSystems
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(b) Configuration of the grid-side inverter controller
Fig. 7.1 Illustration of EMT simulation model of a grid-connected IBR
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v*q_inv_adj

7.1 Grid-side inverter controller design
Detailed configuration of the inverter controller is shown in Fig. 6.1b, which consists of
an inner current controller and an outer dc-link voltage and PCC voltage or reactive power
controller. The control of the dc-link voltage is achieved through the d-axis loop, and the control
of the PCC voltage or reactive power is achieved through the q-axis loop. The design of the
controllers follows the well-known standard vector control strategies [17, 18]. Then, the IBR
capability is used to determine the safe reference commands that can be presented to an IBR
considering physical constraints of the IBR. The IBR industry typically builds these into the
outer- and inner-loop controllers as follows.
Frist, for the outer-loop PCC voltage or reactive power controller, the reactive power
reference presented to the controller is limited within the nominal P-Q capability area through
the reactive power limitation block applied in the q-axis loop as shown in Fig. 8b, in which Qmax
and Qmin are calculated based on the reference active power command P* and the region
specified by a P-Q capability chart such as NERC (Fig. 1.2a), ERCOT (Fig. 1.2b), SPWM (Fig.
5.1a), and SVPWM (Fig. 5.1b).
Second, for the inner-loop current controller, a current limitation block is applied if

(i ) + (i )
* 2
d

* 2
q

 I rated to prevent the IBR current over the rated current limit based on the Active

Power Priority Mode control according to [3, 4]

id* _ adj = id*
iq* _ adj = sign ( iq* )

( I rated )

2

− ( id* )

(46)

2
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Third, to prevent IBR operating beyond the linear modulation limit, a voltage limitation
block is applied to the control voltage generated by the inner-loop current controller according to
[19]
*
vd* _ inv _ adj = Vdq _ max  cos ( vdq
_ inv )
*
vq* _ inv _ adj = Vdq _ max  sin ( vdq
_ inv )

(47)

Finally, a saturation mechanism is applied to all the PI controllers to prevent the integral
term of a PI controller from going beyond the maximum possible reactive power limit, IBR rated
current limit, and IBR output voltage limit, respectively. Thus, the configuration of Fig. 8b
represents the state-of-the-art IBR control technology used in the industry.

7.1.1 Current loop controller

Fig 7.2 LCL filter
The current loop controller is used to produce the vd* and vq* to keep the dq voltage
which use to control the PWM generator to produce the switch single for the inverter. The
capacitor in the wind turbine system is very small per unit value. Therefore, for the ideal model
the capacitor branch can be simple as open. There will show the detail of the LCL filter.
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Where if, and ig are the current flow through indicator f, capacitor C and indicator g. vc is the
positive side voltage of the capacitor. vf and vg are the voltage of two side of the LCL filter.
Because of the capacitor branch is simple as open and i f − ic − ig = 0 , if will equal to the ig , (48)
will same as (20) and (22). Combine with (48), the equation can be written as

i fdq =
igdq

1
(v fdq − vcdq )
Lf s + Rf

(49)

1
=
(vcdq − vgdq )
Lg s + Rg

From (49) can get the the transfer function of the LCL filter,

G f (s) =

1
Ls + R

(50)

Where L=Lf +Lg and R=Rf + Rg.

Fig 7.3 Block diagram of current loop controller
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7.1.2 DC voltage controller
The DC voltage controller is used to produce the reference id which in order to keep the
DC voltage constant. The DC voltage loop is an outer loop of the inner current loop. The internal
loop have been designed to chive a short settling time to a fast correction of error. Therefor, the
loop will be design slower.

Fig 7.4 Block diagram of the DC voltage
The DC link voltage controller is based on the principle of the power balance between
the ac and dc sides of inverter.[17]

vdcidc1 = vd id + vqiq

(51)

Where vdc is the dc link voltage and idc1 is the current from grid side inverter flow to the positive
side of the dc link capacitor, as the d axis of the reference frame is lined along the PCC voltage
position.

 dv

vdc  C dc + idc 2  = vd id
 dt


(52)

Where idc2 is the current from the positive side of the dc link capacitor flow to the IBR side
converter. If idc2 is considered as a disturbance, the system block diagram as Fig. 6.3 and the
transfer function is
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GDC =

Vdc
Vd Cdc s

(53)

Where Cdc is the value of DC link capacitor.

7.2 Reactive power limitation model
For the EMT simulation, the boundary of outer loop reactive power model in
SimPowerSystems show as the Fig 6.5. This model use to limit the maximum and minimum
value of reactive power depends on required active power. The maximum and minimum
boundary is processed by the block of Boundary_IBR, Boundary_NERC and Boundary_ERCOT
which is calculated by the Alg. 1 by the thesis, the study by NERC and IRCOT.

Fig 7.5 The reactive boundary model
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7.2.1 The IBR boundary
The limited reactive power boundary from this thesis is calculated by the algorithm
from chapter 4. There are two limited condition: the IBR rated current boundaries and the IBR
PWM saturation constraint boundaries. The IBR rated current boundaries is

(

Qmax =
Qmin = −

3vPCC  irated

(

) −P
) −P
2

3vPCC  irated

2
ref

2

(54)

2
ref

The vpcc is the PCC voltage of the model, the irated is the rated current same as Chapter 4.1 and the
Pref is the required active power. The maximum and minimum boundary can draw a circle which
is the RIC in Fig 5.1.
The IBR PWM saturation constraint boundaries is
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2

Where Rf and Lf are the resistance and inductance of the grid-connected filter, the maximum
inverter dq voltage Vdq_max is determined by Alg. 2. The maximum and minimum boundary in
(55) can make a circle as the PWM in Fig.5.1. Then, compare the maximum and minimum value
from (53) and (54), use the smaller value of the maximum as the model maximum value and use
the larger value of minimum as the model minimum value.
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Fig 7.6 IBR boundary model

7.2.2 The NERC boundary
As the NERC Reliability Guideline in [5], from the Fig 1.2a the capability curve with
near semi-circle capability and another semi-circle IBR capability curve with fixed reactive
capability at around 0.95 per unit active power output levels. Therefore, the boundary equation is
approximate

Qmax =

(

0.95  3vPCC  irated

(

) −P
) −P

Qmin = − 0.95  3vPCC  irated

2

2
ref

2

(56)

2
ref

This is a little smaller than (43) but it can only work on positive active power.
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Fig 7.7 NERC boundary model

7.2.3 The ERCOT boundary
The ERCOT boundary is a rectangle P-Q capability curve that needs to meet at the
Point of Interconnection. Therefore, the boundary equation is approximate

Qmax = 0.33Srated
Qmin = −0.33Srated

(57)

Where Srated is the rated power.

Fig 7.8 ERCOT boundary model
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7.3 P-Q capability evaluation at the nominal condition
At the nominal condition, dc-link voltage and the IBR grid-filter parameters are set at
the nominal values. The grid short-circuit MVA at the PCC is 37MVA and the PCC voltage is
basically at the nominal value and not affected by the IBR. The active and reactive power
commands presented to the IBR are limited within the P-Q capability region based on one of the
following four cases: 1) SPWM with the P-Q capability of Fig. 5.1a, 2) SPWM with NERC P-Q
capability (Fig. 1.2a), 3) SPWM with ERCOT P-Q capability (Fig. 1.2b), and 4) SVPWM with
the P-Q capability of Fig. 5.1b.
Fig. 9 presents the simulation results, in which the PCC active power reference changes
from 0kW to 850kW at 0.5 sec and then to 450kW at 2.5 sec. The reactive power reference
changes from 400kVar to 960kVar at 1 sec. When active and reactive power references are
850kW and 400kVar before 1sec, the reference values are within the P-Q capability region for
all the four cases and the IBR controller can properly regulate the PCC active and reactive
powers to the reference values and maintain the dc-link voltage at 1500V.
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Fig. 7.9 EMT simulation for IBR P-Q capability and stability evaluation: a) dc-link voltage, b)
PCC active power, c) PCC reactive power
When the active and reactive power references are 850kW and 960kVar after 1sec, the
reference values are outside the P-Q capability regions of Cases 1 and 3 but within the P-Q
capability regions of Cases 2 and 4. Hence, the actual reactive power reference is adjusted from
960kVar to 925kVar and 494kVar, respectively, according to the P-Q capability regions of Fig.
5a for Case 1 and Fig. 1b for Case 3 but remains unchanged for Cases 2 and 4. Thus, the reactive
power after 1 sec is stabilized at 925kVar and 494kVar instead of 960kVar for Cases 1 and 3,
respectively. As the active power reference drops to 450kW at 2.5sec, the reference values are
within the P-Q capability region of Fig. 5.1a so that both the active and reactive power
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references are followed for Case 1 but the reactive for Case 3 power still is far below the
reference value showing a significant waste of the IBR capability for Case 3. For Case 2,
although the reactive power after 1sec can get to the reference value initially, it eventually
becomes unstable as the P-Q capability of Case 2 is out of the actual P-Q capability region
shown by Fig. 5.1a, which would trip the IBR. For Case 4, the controller can maintain stable and
accurate operation of the IBR for the given reference values within the simulation period,
validating that an IBR with SVPWM has a larger permissible P-Q capability region as shown in
Fig. 5.1.

7.4 P-Q capability evaluation as grid voltage changes
In real-life conditions, the voltage at the PCC can go up and down caused by a load
change or fault in the grid. The IEEE 1547 requires that an IBR should have an adequate high
and low voltage ride through capability. The impact of the PCC voltage is evaluated for an
increase and decrease of the PCC voltage. Both can cause an abnormal operation of the IBR. Fig.
6.1 shows a case study for an increase of the PCC voltage from 1 p.u. to 1.2 p.u. between 1.5 sec
and 2.5 sec, in which the grid short-circuit MVA is the same as that used in Fig. 7.10 and the
SPWM and SVPWM nominal P-Q capability of Fig. 5.1a and Fig. 5.1b are used. The reference
active power is 0kW and changes to 850kW at 0.5sec and the reference reactive power is 0kVar
and changes to 800kVar at 1sec. It can be seen that the IBR with the SPWM becomes unable
when the PCC voltage increases, which could result in a momentary cessation of the IBR. This
result is consistent with Fig. 5.2 and shows the importance to consider the dynamic nature of the
P-Q capability in the IBR control design.
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Fig. 7.10 PCC voltage impact on IBR P-Q capability and operation: a) PCC bus voltage (RMS),
b) dc-link voltage, c) active power to the grid at the PCC, d) reactive power to the grid at the
PCC
7.5 P-Q capability and weak grid impact
The weak grid impact may appear when an IBR is located at the end of a distribution
feeder. On the other side, IEEE 1547 requires that an IBR should maintain the stability of its
PCC voltage. Fig. 11 shows a case study of the IBR voltage control under a low-voltage ridethrough condition caused by a fault. The active power reference is 400kW at 0.5sec, changes to
850kW at 2sec, and then drops to 650kW at 3sec and a fault appears at 1sec and clears at 3.5sec.
The grid resistance and inductance (including the transformer) are 0.014Ω and 0.167mH,
meaning that the grid short-circuit MVA at the PCC is about 7.4MVA. In the voltage control
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mode, the IBR physical P-Q capability shows a more dynamic nature and is hard to determine.
For the IBR control using the four P-Q capability regions as shown in Fig. 1.2 and Fig. 5.1, all
except Case 3 start to increase the reactive power production after the fault and are able to
maintain the PCC voltage stability at 1 p.u. For Case 2 (NERC), abnormal IBR operation
presents shortly after the fault starts; for Case 1 (SPWM), abnormal IBR operation appears when
the active power reference increases to 850kW at 2sec; for Case 4 (SVPWM), abnormal IBR
operation starts to evolve after the active power reference drops from 850kW to 650kW at 3sec.
This would cause IBR trip or momentary cessation in order for the IBR to get out of the
abnormal operating conditions. For Case 3 (ECORT), the upper limit of reactive power is
reached before the IBR goes into the abnormal operation which limits the maximum potential to
boost the PCC voltage to 1 p.u., however, the stable and normal IBR operation is maintained
during the low-voltage ride-through event.
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Fig. 7.11. IBR operation under a varying grid impedance condition: a) PCC bus voltage (RMS),
b) dc-link voltage, c) active power to the grid at the PCC, d) reactive power to the grid at the
PCC
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8. CONCLUSION
IBR P-Q capability is an important factor for the power industry to assure the safe
operation of an IBR and for the power and energy community to develop international IBR
standards as well. This thesis presents a comprehensive P-Q capability evaluation for IBRs with
different filtering mechanisms and PWM strategies. The study carefully considers specific IBR
characteristics as well as the specific nature of IBR control in the dq reference frame. The results
show that IBR P-Q capability chart is quite different from that of a synchronous generator and
from the traditional IBR P-Q capability charts used in the industry. The study indicates that
design of an IBR, such as selections of dc-link voltage and filter inductance, is important to
assure IBR P-Q capability curve that can meet the grid interconnection requirements. The study
also shows that the variations of real-time parameters and grid conditions could affect the actual
physical IBR P-Q capability chart a lot and significantly shrink the permissible P-Q capability,
which certainly would affect the safe operation of IBRs. The study shows that the dynamic
nature of IBR P-Q capability could cause an abnormal operation of an IBR at both strong and
weak grid conditions and affect IBR low and high voltage ride through capability. Furthermore,
the study shows the derivation of IBR P-Q capability curve with a L-filter equation, which can
help industry use by different working condition, and the method to explore more area of the
IBR technology such as IBR capability in LC and LCL filter, or IBR capability on type 3 wind
turbine. As a result, development of new IBR control technology that can guarantee efficient and
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reliable operation of IBRs at any grid conditions is urgently needed. For the future, there will be
continues research on the IBR P-Q capability curve for the Doubly-Fed induction generator.
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