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Abstract: With the proliferation of large-scale grid-connected wind farms, subsynchronous oscillation
(SSO) incidents associated with Type-4 wind turbines (WTs) with a permanent magnet synchronous
generator (PMSG) have occurred frequently. These incidents have caused severe reliability risks to
the power grid. Conventionally, P-Q capability charts are utilized to ensure the safety operating
region of a synchronous generator. However, a PMSG WT exhibits completely different and dynamic
P-Q capability characteristics due to the difference in energy conversion technique and several critical
factors related to the WT power converters. This paper presents a comprehensive dynamic P-Q
capability study of a PMSG WT with sufficient and accurate considerations of the WT control and
operation in the dq reference frame, its power converter constraints, and grid dynamics. Models
of a PMSG WT are first developed based on its control principle in the dq reference frame. Then,
algorithms for obtaining the P-Q capability charts of the WT are developed with the considerations
of complete WT constraints in different aspects. The study analyzes the root cause of many abnormal
operations of grid-connected PMSG WTs, reported in the literature, from the dynamic P-Q capability
perspectives. The proposed study is verified via an electromagnetic transient (EMT) model of a
grid-connected Type-4 WT.

Keywords: permanent magnet synchronous generator (PMSG); P-Q capability charts; subsynchronous
oscillation (SSO); dq vector control

1. Introduction

Wind power has been becoming a primary renewable energy source in the electric
power systems to replace power generated from conventional synchronous generators
(SGs). Traditionally, for the safe operation of a SG, the control capability of the generator
is defined by “Capability Charts” or “Operating Charts” [1,2]. In the same way, the
power industry has specified P-Q capability charts for Type-4 WTs to ensure a stable
and reliable operation of the WTs [3-7]. North America Electric Reliability Corporation
(NERC) provided safety guidelines including two capability charts (Figure 1a): (i) a nearly
complete semi-circle capability and (ii) a clipped reactive capability at 0.95 p.u. [6,7]. The
Electric Reliability Council of Texas (ERCOT) described a rectangular capability chart in [8].
The Sandia reported reactive power injection rules in [9] for wind and PV power plants.
They provided D-shape, rectangular, and triangular capability charts for a nominal grid
voltage condition.

1.1. Problem Explanation and Past Works

A PMSG WT is totally different from a traditional SG. Instead of operating at a fixed
speed and being connected to the grid directly, a PMSG WT operates in a wide speed
range from 0 rpm to over the synchronous speed of the WT generator and is connected
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to the grid via a full-scale back-to-back ac/dc/ac voltage-source converter (VSC) [10], all
of which would affect the operating characteristics of the WT. Thus, the PQ capability
charts of a PMSG WT would be highly dynamic and completely distinct from those of a
traditional SG. So far, no attempt has been made to investigate the dynamic P-Q capability
of a PMSG WT considering these factors. In [11], the reactive power capability of PMSG
WTs is discussed in terms of the modulation technique and rated current boundary of
power converters; however, the generator characteristics and PWM voltage saturation
limit of power converters are not addressed. The authors proposed a distributed demand
response control of PMSG-based WTs in [12], which incorporates the reactive power sharing
capability based on fixed P-Q capability charts. Therefore, the proposed framework of [12]
only operates well in a nominal voltage condition. To operate PMSG-based WTs robustly in
different grid situations, several control strategies are described in [13,14], which consider
MPPT capability along with generator speed variations but ignore the P-Q capability of
power converters. In [15], the authors proposed an approach to improve the operation and
performance of Type-4 wind power plants by adding a synchronous condenser. However,
adding extra reactive power from an outside source can only mitigate certain burdens for
the PMSG WTs. In the long run, this strategy will fail to maintain the WT operation within
its safety boundary under uncertain and variable real-life grid conditions. A comparison of
existing works related to the PMSG WT P-Q capability, and the proposed model is provided
in Table 1.
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Figure 1. (a) P-Q capability charts provided by NERC [6] and (b) P-Q capability charts provided by
ERCOT [8].

Table 1. Summery of existing works related to the PMSG WT P-Q capability found in the literature.

Controller Converter Converter
Generator oo MPPT onverte PWM Variable Grid
Refs - Modulation o Rated Current . -,
Characteristics . Capability . Saturation Condition
Technique Limit ..
Limit
[16] X v v v v X
[17] X X X v X v
[18] X X X v v X
[11] X v X v X X
[12] X X v v X v
[19] v X X v v X
[13,14] v X v X X v
Proposed model v v v v v v

As a result, the electric utility grids have experienced numerous abnormal situations
with the wind power plants [20-25]. From 2012 to 2014, the Guyuan wind farm in China
recorded 58 times subsynchronous oscillation (SSO) phenomena that damaged the electric
power facilities [20]. These oscillations started from the wind power plant and then
extended to the power grid. In [21], ERCOT reported that thousands of WT generators
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were tripped due to the severity of SSO events. In July 2015, frequent SSOs were captured
through a wide-area measurement system (WAMS) of a direct-driven PMSG-based wind
farm in Xinjiang, China [22], which tripped a large number of WT generators on the wind
farm and caused unstable power system operation. Generator tripping in the wind farms
has also occurred a significant number of times with regular capacitor switching by the
electric utility company [23]. The existing research is still unable to properly explain the SSO
phenomena and the unusual operations of PMSG WTs that have occurred in recent years.

1.2. Urgency and Importance of the Proposed Study

All the literature reviews and analyses shown in Section 1.1 indicate that it is important
to conduct a detailed study on PMSG P-Q capability characteristics. Without such a study,
one would be misled by many abnormal PMSG WT operation phenomena and unable
to develop advanced PMSG control technology to overcome the challenges. A study on
the P-Q capability characteristics of a Type-3 WT is conducted in [26]. However, a Type-4
WT has a structure that is completely different from that of a Type-3 WT. As a result, a
detailed dynamic P-Q capability study of Type-4 PMSG WTs is presented in this paper
by considering the MPPT capability of the WT generator, power converter constraints
(such as PWM saturation limit and rated current boundary), and variable and uncertain
operating conditions of the power grids. Overall, the results of this paper may guide the
power community to identify the root cause of many abnormalities associated with the
grid-connected PMSG WTs. The proposed study would also help legislators to improve
the industry guidelines and introduce new control methods (e.g., a neural-network-based
vector controller for a PMSG WT [27]) to get over the recent SSO incidents. The main
contributions of this paper are as follows:

*  Inthe model development, the paper emphasizes detailed characteristics of the com-
bined PMSG WT generator and power converter in the dq reference frame.

¢ In the algorithm development, the paper emphasizes obtaining P-Q capability curves
of a PMSG WT by considering different WT generator and power electronic converter
constraints.

e It is found in this paper that a PMSG WT exhibits highly dynamic P-Q capability
charts under variable WT speed and grid conditions.

* In the case studies, the paper reveals the root cause of abnormal operations associated
with PMSG WTs and the significance of dynamic P-Q capability charts to understand
irregular operations of Type-4 WTs and wind plants reported in the literature.

The remainder of this paper is organized in the following way. Section 2 explains
briefly the key features of a PMSG WT and its MPPT control technique. The active and
reactive power models of the PMSG WTs are developed in the dq reference frame in
Section 3. Section 4 describes the algorithms to determine PMSG WT P-Q capability
charts. Section 5 evaluates the PMSG dynamic P-Q capability characteristics. To verify the
proposition, Section 6 builds a model for the EMT simulation of a PMSG WT. Section 7
shows several simulated case scenarios and discussions. Finally, Section 8 provides the
concluding remarks and plans for the future study.

2. PMSG WT and Its Control
2.1. PMSG WT

A PMSG WT is made of three components: (i) a wind turbine, (ii) a PMSG, and
(iif) two VSCs connected in a row (Figure 2). In the turbine, the blades extract wind power
and transfer it to the PMSG. The PMSG converts wind energy (mechanical) into electrical
energy. A frequency converter connects the PMSG stator windings to the power grid. The

frequency converter is made of two VSCs: (i) machine side converter (MSC) and (ii) grid
side converter (GSC). There is a dc voltage link between MSC and GSC.
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Figure 2. A PMSG wind turbine system.
2.2. MPPT Control

The mechanical power extracted by a WT from the wind is written by a popular cube
law equation as in (1) [28]:

1
Py = EpairAbladecP(.Br A>Ugi

A = Rpladewm /0w

M

where vy, Rpyjade, Wm, and Apj,g. represent the wind velocity in m/s, WT blades’ radius in
meters, WT blades’ rotational speed in rad /s, and rotor blade swept area in m?, accordingly.
0qir defines the air density in kg/ m?3. Cp is a constant to measure the performance efficiency
of a WT. It is calculated from the tip—speed ratio (A) and pitch angle () of rotor blades
using aerodynamic laws and, therefore, may differ from one WT to another.

Figure 3 presents Cp vs. A curves for different § values of a 2.5 MW PMSG WT [29].
For each B, there exists an optimal tip-speed ratio (Aopt) for which Cp will obtain the largest
value (i.e., extract maximum energy for that ). At a normal wind velocity, the rotor blades’
angular speed is managed to an optimal magnitude (wm_opt) via PMSG controls so that
Aopt = Rp1agem_opt /0 While keeping g unchanged. At a high wind speed, the captured
wind power exceeds the rated power of the machine. In that situation, a control signal is
energized to limit the power generation beyond the rated value by regulating B.
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Figure 3. Cp vs. A curves of a 2.5 MW WT.

2.3. PMSG WT Control

Typically, a PMSG WT has three control blocks: (i) a WT control block, (ii) a MSC
control block, and (iii) a GSC control block (Figure 2). The WT control block generates a
power/speed reference signal using the maximum power extraction principle. Following
the speed /power reference, the MSC control block regulates the angular speed of PMSG
and fulfills the maximum wind energy extraction goal. The GSC control block keeps the
dc-link voltage constant and controls the reactive power generation/absorption of the
PMSG. Typically, the rotor-flux orientation frame is used to design the MSC control block,
and the PCC voltage orientation frame is used to design the GSC control block. Both
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MSC and GSC control blocks can be considered to have two loops (Figure 4): (i) an inner
current control loop and (ii) an outer active and/or reactive power control loop. Usually,
the control loops are modeled in the dq reference frame. The power and current control
loops generate d- and q-axis reference currents (i; and i;) and voltages (v} ,, and v cono),
respectively. According to the average model of a converter, the voltage (v4;_cono) injected
to the MSC/GSC ac side is expressed as in (2) [26]:

Z7dq_conv = kPWM'v:lq_conv (2)

where kpyy ) is the ratio of the voltage at the MSC/GSC ac side to the PWM controlled
voltage of the MSC/GSC.

Vd_ccm‘

Power | Current

Controller Controller s
| —= Vg conv

Figure 4. Design idea of MSC and GSC controllers of the PMSG WTs.

3. P-Q Model of a PMSG WT

To find a dynamic P-Q capability curve, the P-Q model of PMSG WTs must be devel-
oped, including the MSC and GSC control in the dq reference frame. In this paper, the P-Q
capability analysis of the PMSG WTs includes the (i) MSC P-Q model, (ii) GSC P-Q model,
and (iii) combined MSC and GSC P-Q model.

3.1. MSC P-Q Model

Using the generator sign, PMSG stator voltage, and flux linkage in the dq reference
frame are obtained in the following way:

. d .
Z)s_dq = _Rsls_dq - Elps_dq +]welps_dq (3)

#]s_dq = (Lls + Lm)is_dq + l/)f 4

where R, and L, are resistance and leakage inductance of the stator winding, L,, stands for
the mutual inductance, w, is the electrical angular velocity of the PMSG, and ¢ fi is the flux
linkage generated by the permanent magnet (PM).

In (3), the stator dq voltage (vs_g,) is defined as vs_z; = vsy + jvsg, Where vy and vgg
are d- and g-axis components. In the same way, the stator dq current (is_g,) and stator dq
flux (s_q4) are defined.

For a steady-state condition, (5) is obtained from (3) and (4), in which I;_4; and V; 4,
define the steady-state dq stator current and voltage, respectively:

Vs dg = —Rsls g5 — jwe(Lrs + Lm)lsqu + jwetps ©)

The active (Ps) and reactive (Q;) power passing through the MSC to the dc-link can
be written as in (6). Note that P; is positive, i.e., generating power from the stator path to
the MSC:

Ps +st - Vs_dqls*_dq (6)

3.2. GSC P-Q Model

Typically, the PMSG GSC is tied to the power grid through a LCL, LC, or L filter. The
development of the GSC P-Q model having any of these three filtering configurations is
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the same. In this study, we will focus on a GSC coupled to the grid through an L filter. In
the L filtering scheme, L f and R i define the filter inductance and resistance, accordingly.
Considering the generation sign principle, the voltage balance equation in the dq reference
frame is expressed as in (7):

. d. . .
vGsc_dg = Ryigg + LfEldq + jwsLigy + vgg 7)

where w; is the grid voltage rotational frequency. v, and vgsc_gq denote the d- and g-axis
of the PCC voltage and GSC output voltage, accordingly. iy, represents the d- and g-axis
current components flowing through the GSC to the ac power grid.

For the steady-state condition, (7) can be written as (8), where Ij;, Vi, and Vigsc gy
define the steady-state dq components of the L-filter current, grid voltage, and GSC out-
put voltage:

VGSC_dq = Rfldq + jwstqu + qu 8)

Following the PCC voltage orientation, the active and reactive powers coming from
the GSC and injecting to the ac power grid are expressed as in (9):

Pesc +jQcsc = Vaglay = Vala — jValg ©)

3.3. Combined MSC and GSC P-Q Model

The active power transferred to the MSC will be eventually fed to the power grid via
the GSC. However, the reactive power transferred to the grid includes just the GSC reactive
power. Therefore, the aggregated P-Q model of MSC and GSC can be written as follows:

Pppmsg = Pgsc = Ps (10)
Qpmsc = Qasc

4. Determine PMSG PQ Capability Charts

Primarily, a PMSG WT operation depends on the following limiting factors: (i) MSC
current/power ratings, (ii) MSC PWM saturation constraint, (iii) GSC current/power
ratings, and (iv) GSC PWM saturation boundary. To obtain PMSG P-Q capability charts, the
above limiting factors should be kept in proper consideration. In the existing PMSG control
design (Figure 4), the reference active and reactive power signals (P* and Q*) sent to the
MSC or GSC control block should not cause the converters to operate over these limits.

4.1. Determine the MSC P-Q Capability Chart

Let us consider that S, 4. is the rated apparent power of the PMSG stator. Therefore,
the reference Py;s- and Q},5- commands sent to the MSC control block should follow the
below equation:

\/(Pzt/jsc)z + (Q}K\/Isc)z < Ss_mted (11)

where Py s is positive (i.e., generating). Q3,5 would be either positive or negative.

However, (11) is not appropriate when the system does not operate under the nominal
condition. For example, in a real-life situation, the dc-link voltage may drop significantly
when the wind speed declines sharply. In that case, the MSC P-Q capability found by (11)
would cause a higher current compared to the nominal current ratings. As MSC is very
sensitive to current, it is important to use (12) instead of (11) for determining the MSC P-Q
capability curves:

\/(I:iK_MSC)2 + (I;_Msc)z S IMSCJated

(Is*d)z =+ (Is*q)z < Isdqjated

(12)
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Considering the PWM saturation boundary, the d- and g-axis control voltages of MSC
fed to the PMSG stator circuit would follow the equation below:

\/ (va_msc)? + (vq_msc)? < Viag_msC_max

(U:d)z + (U;kq)z < Vsdq?max

(13)

where Vi, msc_max is calculated by V. / /2 for the space vector PWM (SVPWM) method.

For sinusoidal PWM (SPWM) technique, Vi, pmsc_max can be expressed by V3V /22.
Therefore, a flow chart to find the MSC P-Q capability together with the WT MPPT
characteristics for wind power extraction is developed in Figure 5 based on both the rated
current limit (12) and PWM saturation constraint (13). The flowchart has four major blocks.
Block-1 computes the MSC P-Q capability based on the MSC current ratings only. For
each condition, the stator voltage (V;_g,) is kept in the record. Block-2 finds V;_4, based on
the PWM saturation boundary only. The WT MPPT power for pitch angle B of 1 degree
is calculated in Block-3. In Block-4, V; 4, recorded in Block-1 is reevaluated according
to (13) to obtain the allowable stator voltage area. Then, the MSC P-Q capability chart is
redetermined. The variable speed of the PMSG is defined by w, in the flowchart.

Specify dc-link voltage Vde, PCC voltage Vpec, rated MSC current imsc,
Pole Pairs P, Wind speed Vw, and Turbine parameters

Vpce / Ivsc rotea
Y Turbine
Set initial speed, w=0 Vac parameters
and Vw
i Y Y
1. Rated Current 2. PWM Saturation 3. MPPT Power
Constraint Constraint Constraint

For the specified dc-

link voltage Vc: For the pitch angle B

of 1 degree, compute:

For all MSC rated
current conditions,

A comeue | petrmineat o optime i spees
3 .
E (a) Stator Ps and Qs stator voltages, ratio, »xgp
+ (b) Stator voltage Vs_dg|| s dq_max (b) Performance
3 — coefficcient, Cp
n pS/QS ¥ Vs_dq
S 4, PWM Saturation Adjustment Co/opt
’ For those |Vs_dg|=>|Vs_dg_max]| Y

'

3
conditions, recalculate Ps and Qs Pw=0.5pairAsladeCoVi
using Vs_dg_max Vs dg_max Wm=>optVui/ Rolade
w=Pwy,

Ps/ Qs -

y PW/UJ e
| MPPT MSC P-Q Capability |

Figure 5. A flowchart for finding the PMSG P-Q capabilities based on the MSC PWM saturation and

rated current limits.
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4.2. Determine the GSC P-Q Capability Chart

Alike the MSC, PWM saturation and rated current limits should be considered to find
the GSC P-Q capability charts. The reference current signals sent to the GSC control block
have to meet the below equation:

\/ (Li Gsc)* + (I} gsc)* < Igsc_rated (14)

Following the PWM saturation boundary, the d- and g-axis control voltages of the
GSC fed to the power grid should satisfy the below equation:

\/ Vi osc T Vi gsc < Vig_GsC_max (15)

where Vi Gsc_max is Vac/v/2 for SVPWM and v/3Vj/ (2+/2) for SPWM.

Considering both the PWM saturation and rated current constraints, a flow chart is
developed in Figure 6 to find the GSC P-Q capability chart. The flowchart has three major
blocks. The first two blocks (Block-1 and -2) compute the GSC P-Q capability based on
the rated current and GSC PWM saturation limits separately. The computation could be
simultaneous. Block-3 calculates the final GSC P-Q capability from the common areas of
the previous two blocks.

( Start )

Y

Specify nominal dc-link voltage Vdc, PCC voltage Vpec, and
rated GSC current lesc

vpcc/”GS‘C_mted Vpcc/ Va‘c
\J Y
1. GSC Rated Current Constraint 2. PWM Saturation Constraint
For all GSC rated current conditions, For specified dc-link voltage, compute:
- compute: 1. GSC maximum voltage conditions,
GSC active and reactive power Pgsc : >
and Quse 2. GSC active and reactive power
PGSC—RC/ QGSC—RC PGSC—PWM/ QGSC—PWM
Y L

3. Resultant P-Q capability
Find common active/reactive power area from both

PGSC / QGSC
Y

{ Section 4.3 )

Figure 6. A flowchart for finding PMSG P-Q capabilities based on the GSC PWM saturation and
rated current limits.

4.3. Determine PMSG WT P-Q Capability Chart

According to Figure 2, both the MSC and GSC P-Q capability must be considered for
determining the overall PMSG P-Q capability chart. Neglecting the converter power loss,
the active power transferred to the ac power grid via the GSC equals the active power
transferred through the stator, i.e., Ppprs6 = Pgsc = Ps. The reactive power transferred to
the grid depends only on the reactive power generated /absorbed by the GSC that can be
found from Figure 6, i.e., Qpymsc = Qgsc. Figure 7 shows a flowchart to obtain the overall
PMSG WT P-Q capability curves.

In summary, MSC P-Q capability charts are determined first through Block-1 and
Block-2 in Figure 5 with the MSC current constraint and PWM saturation limit, accordingly.
Then, the MSC P-Q capability charts are reevaluated to see whether or not the obtained
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results violate any limits (rated current/PWM saturation constraint) through Block-3 in
Figure 5. If so, those results should not be included in the total P-Q capability chart. Next,
the GSC P-Q capability charts are determined through Figure 6 with the GSC current and
PWM saturation constraints. Finally, for the total P-Q capability chart of the PMSG WT,
the active power is determined via the MSC/GSC active power and the reactive power is
determined through the GSC reactive power (Figure 7).

Specify nominal dc-link voltage V-, PCC voltage Vp., and rated MSC and GSC currents

Y Y

Determine PMSG stator P-Q capability
charts

Determine GSC P-Q capability chart

Ps/ Qs Pesc/ Qesc
A A J

Determine PMSG P-Q capability: Ppyse and Qppiss

PPMSG/ QPMSG v

@utput PMSG P-Q capability Ppyss and me;

Figure 7. A flowchart for obtaining PMSG P-Q capability curves based on the MSC and GSC PWM
saturation and rated current limits, where PMSG stator P-Q capability charts are determined based
on Figure 5 and GSC P-Q capability chart is determined based on Figure 6.

5. Analyzing Dynamic P-Q Capability Charts

A PMSG WT is modeled considering the specifications given in Table 2 [30] to analyze
the dynamic P-Q capability chart. In this study, all P-Q capability charts are shown per
unit. PCC line voltage and nominal PMSG power are considered the base voltage and base
power in the per unit calculation.

Table 2. Simulation parameters of a PMSG WT.

Parameter Value
Nominal power 2.0 MVA
DC-link voltage 1400 V
PCC line voltage 690 V (rms)
Stator winding resistance 0.0039 p.u.
d-axis synchronous inductance 0.4538 p.u.
g-axis synchronous inductance 0.4538 p.u.
Rated rotor flux linkage 0.896 p.u.
Rated rotor speed 22.5 rpm
Number of pole pairs 26
Filter inductance 0.2mH
Filter resistance 0.003 2

5.1. Analyzing P-Q Capability for the Nominal Case

The PCC voltage is 1 p.u. for the nominal case. Considering 1400 V as the voltage at
dc-link and SPWM as the converters’ modulation technique, the maximum stator voltage
(Vs_dg_max) would be V3V / (2v/2Vpase) = 1.2425 p.u. According to the flowcharts described
in Section 4, the P-Q capability charts of the MSC, GSC, and PMSG WT MPPT are calculated
and presented in Figure 8. To observe the speed variation effect in the PMSG operation, all
P-Q capability charts are plotted in three-dimensional planes. From Figure 8, the below
remarks are obtained.
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¢ The MPPT curves are within the MSC rated current P-Q capability area (Figure 8a).
This indicates that the power extracted by the WT can be transferred fully through the
MSC from the rated current perspective.

* At zero speed, the P-Q capability region of MSC is shown by the smallest circle.
Gradually, the capability area increases as the WT rotating speed increases (Figure 8a).

¢ The P-Q capability region of GSC (yellow) is encompassed by the area of the GSC
capability considering both PWM saturation and rated current constraints (Figure 8b).

¢  For a higher wind speed, a high stator voltage is required to convert wind energy until
crossing the PWM saturation boundary (Figure 8c).

e Ata high wind speed, active power transfer through the MSC is limited for the PWM
saturation boundary. For example, the P-Q demand (P = 0.85 p.u., Q = —2.78 p.u.) at
we =2 p.u. in Figure 8d is allowable to pass through MSC for rated current constraint
but limited for the PWM saturation boundary.

b
(a) 0 (9]
1 Q2!
8
205 €D “/’2 o 4
«» o 2
/ £
0o 2 0 6
-2 0 2 -5 0 5
Pmsc Pgsc

Vsq Vsd Qpmsg Ppmsg

Figure 8. PMSG P-Q capability curves at the nominal operating case: (a) MPPT curves (green) and
MSC P-Q capability (red) for the MSC rated current constraint only, (b) GSC P-Q capability for the
GSC PWM saturation (blue) and rated current (red) limits, (c) stator voltage for the MSC rated current
(red) and PWM saturation (blue) limits, (d) MSC P-Q capability for the PWM saturation (blue) and
rated current (red) limits.

5.2. Analyzing P-Q Capability for Different PM Materials

A PMSG usually uses rare-earth permanent magnets for the low speed and high torque
requirement of WT applications. However, rare-earth PMs have insecurities and cost risks.
Therefore, rare-earth-free ferrite PMs are gaining popularity in PMSG WT applications. To
understand how different PM materials impact the PMSG P-Q capability charts, an analysis
is conducted with ferrite PMs (¢ = 0.298 p.u.) (Figure 9) and compared with the results of
the rare-earth PMs shown in Figure 8. From the figures, the following remarks are obtained:

*  Low flux linkage of the ferrite PMSG shrinks the MSC rated current P-Q capability charts,
while high flux linkage of rare-earth PMSG enlarges the circles (Figures 8a and 9a).

*  The active power extracted from the ferrite PMSG WT cannot be transferred fully
through the MSC due to the smaller MSC P-Q capability region (Figure 9a).

e For the MSC, a larger speed range is allowable for the ferrite PMSG energy conversion
until the MSC PWM saturation boundary is satisfied (Figures 8c and 9b).
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Figure 9. PMSG P-Q capability curves for the ferrite PMs (SPWM). (a) MPPT curves (green) and MSC
P-Q capability (red) for the MSC rated current constraint only, (b) stator voltage for the MSC rated

current (red) and PWM saturation (blue) limits, (c) MSC P-Q capability for the PWM saturation (blue)
and rated current (red) limits.

5.3. Analyzing P-Q Capability for Different Pole Pairs of PMSG

There are several advantages to having a large number of poles in a PMSG WT, e.g.,
no need for a gearbox in wind power MPPT. To understand the impact of pole pairs on
the PMSG P-Q capability charts, a study is performed using a PMSG with 12 and 48 pole
pairs, while the rest of the parameters are the same as those shown in Table 2. The resultant
charts are shown in Figure 10. From the figure, the following remarks are obtained:

e High pole machines produce more flux compared to low pole machines that enlarge
the MSC P-Q capability charts and allow to transfer more extracted energy through
the MSC (Figure 10a,d).

e For the MSC, a smaller speed range is allowable for the high pole PMSG energy
conversion until crossing the MSC PWM saturation boundary (Figure 10b,e).

*  The active power extracted from the high pole PMSG WT cannot be transferred fully
through the MSC due to the PWM saturation constraint (Figure 10c,f). For example,
the P-Q demand (P = 1.13 p.u, Q = —4.8 p.u.) at w, = 1.8 p.u. in Figure 10f is
allowable to pass through MSC for the rated current constraint but limited for the
PWM saturation boundary.
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Figure 10. PMSG P-Q capability area for different pole pairs (SPWM): (a—¢)—P = 12; (d—-f)—P = 48.

5.4. Analyzing P-Q Capability for Different PWM Techniques of Power Electronic Converters

To understand the impact of different PWM techniques on the PMSG P-Q capability
charts, a study is conducted using SVPWM-controlled MSC and GSC. The resultant charts

are shown in Figure 11 and compared with Figure 8. From the figures, the following
remarks are obtained:
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. For the MSC, the SVPWM technique allows increasing the PWM saturation boundary
more than SPWM (Figures 8a and 11a). Therefore, this will benefit the wind power
MPPT to operate over a wider speed range until the MSC PWM saturation constraint
is violated.

*  For the same speed, more energy can be transferred through the MSC due to the larger
PWM saturation boundary of the SVPWM technique (Figures 8d and 11b).

e Under the PWM saturation limit, the P-Q capability region of GSC is larger in the
SVPWM technique compared to SPWM (Figures 8b and 11c). Therefore, the resultant
GSC P-Q capability curve is bigger in the SVPWM case, which allows transferring
more active and reactive powers to the ac grid via the GSC.

(©

5. (b) 0
g-2
o4 7 C-4
= = / 2 0. 6
0O /0 [ e T
2 o L, 2 2 47 0 -5 0 5
Vsd 3 -2
Vsq Qmsc Pmsc Pgsc

Figure 11. PMSG P-Q capability areas under SVPWM technique of power electronic converters,
(a) stator voltage for the MSC rated current (red) and PWM saturation (blue) limits, (b) MSC P-Q
capability for the PWM saturation (blue) and rated current (red) limits, (¢) GSC P-Q capability for the
GSC PWM saturation (blue) and rated current (red) limits.

5.5. Analyzing P-Q Capability for Variable Voltages at dc-Link

A study is performed considering two different dc-link voltages: (i) 850 V and (ii) 2250 V.
Figure 12 shows the simulated results. From Figure 12, the following remarks are obtained:

e For the MSC, the higher the dc-link voltage, the larger the speed range that would be
allowable to convert wind energy until crossing the MSC PWM saturation boundary
(Figure 12a,d).

e  For the same speed, the higher the dc-link voltage, the more energy that can be
transferred through the MSC (Figure 12b,e).

*  For the GSC, a low voltage at the dc-link shrinks the P-Q capability region, whereas a
higher dc-link voltage expands the area (Figure 12c¢,f). For example, the P-Q demand
(P=11pu., Q=-025p.u.)at V4. =850V in Figure 12c is allowable to pass through
GSC for the rated current constraint but limited for the PWM saturation boundary.
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Figure 12. PMSG P-Q capability curves for variable voltages at dc-link (SPWM): (a-¢)—V;. =850 V;
(d-£)—V,;. =2250 V.
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5.6. Analyzing P-Q Capability for Variable Voltages at the PCC

The PCC voltage cannot remain the same in real-life situations. It may increase/decrease
due to a number of reasons, such as load variation, and fault occurrence in the ac power
grid. When a PMSG injects active and reactive powers into the grid, the PCC voltage may
change too. To analyze the effect of the PCC voltage on the PMSG P-Q capability chart,
a study is performed with two PCC voltages: (i) 0.5 p.u., and (ii) 1.5 p.u. The results are
shown in Figure 13. From the figure, the following remarks are obtained:

*  Change in the PCC voltage cannot affect the MSC P-Q capability charts (Figure 13a,b,d e).

e  For the GSC, a low PCC voltage shrinks P-Q capability curves under both PWM
saturation and rated current constraints. On the other hand, a higher PCC voltage
expands the curves. However, the curves move apart from one another (Figure 13c,f).
Therefore, the resultant GSC P-Q capability area decreases.
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Figure 13. PMSG P-Q capability curves for variable voltages at the PCC (SPWM): (a—c)— Vpcc = 0.5
p-u.; (d—£)—Vpcc =1.5p.u

6. EMT Simulation Model for Analyzing Operation of PMSG WTs

To understand the significance of dynamic P-Q capability for secure and reliable
power system operation, an EMT model with control of a grid-connected wind power plant
containing Type-4 PMSG WTs is built using MATLAB/Simulink (Figure 14). In the model,
Table 2 parameters are used for the PMSG WT and the plant model is an aggregated plant
model with N Type-4 WTs. If N = 1, the model reduces to a grid-connected Type-4 WT

EMT model.
Breaker 2
A a A
500 MVAR
WT No ‘ 1 B@b Eﬁ/ Capacitor Bank
ﬂ' Transmisson —C Cp [}
Machine-side Grid-side '—‘ Line 1
— Converter Converter JUSSUYYY A a
(< sc] SR>+ g gj—<&EH cEr ~ \) BT
+ \
N 1 = el Al
= B e
' N I | c ¢ /H\)f)ﬁ')r)r'\L o Transmisson
= I - A d Line 2
PMSG WT BUS_MSC Filter BUS_GSC  Wind Power Plant <19
4 A a A a .
= I BT B g :
- Utility Grid
50 MVAR ~ < ¢
Capacitor Bank Breaker 1

Figure 14. EMT model and control of a PMSG WT built in MATLAB/Simulink software.

6.1. GSC Controller of a PMSG WT

Figure 15 presents the existing GSC control method used in the PMSG industry. The
standard vector control approach is used to control the GSC. The GSC controller has a
nested-loop configuration. It consists of an inner current control loop and an outer control
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loop. The reference signal of the reactive power in the outer loop is limited by the nominal
P-Q capability chart. For this purpose, a reactive power limitation block is modeled. The
block calculates the allowable reactive power generation/absorption limit (Qax and Qi)
from the active power reference signal Pj-~ shown in Figure 16 and the P-Q capability area
specified by the ERCOT or NERC.

. i .
Ve - Vac 9.65¢ V 4 Gsc
.PI E—
Qnm.r Current Voltage
— Limiter Limiter

L
Q pPccl Reactive
—*| Power
Limiter

(eq. 16) (eq.17) >

g ) _/
min 1., o [ i
‘'PCC q_GSC Wsliflg

Figure 15. Standard vector control diagram modeled in the GSC.

Another block is modeled to limit the d- and g-axis reference currents coming from
the outer control loop. GSC can generate both active and reactive powers separately
until the apparent power of the converter is within the limit. Once the apparent power

reaches its limit or the condition \/ 145 goc +1 *g_GSC > lgg_GSC_rated satisfies, GSC will

emphasize active power generation and limit reference currents presented to the inner
current controller following the active power priority control mode as shown by

” .
13 Gsc €l gsc

iy Gsc ¢ Sign(i;_GSC)\/(Liq_GSC_mted)z — (7 6sc)?

(16)

To operate the GSC within the PWM saturation boundary, a block is modeled to adjust
the voltages coming from the inner control loop as follows:

* *
Va_csc < Vig_sC_max-c0s(£vg, csc) 17)
* . *
0y Gsc < Viag_Gsc_max-sin(£0g, gsc)

6.2. MSC Controller of the PMSG WT

Figure 16 presents the traditional MSC control method used in the PMSG industry.
The standard vector control technique in the rotor-flux orientation plane is built into the
MSC controller. Like GSC, it also has a faster inner current control loop and a slower outer
power/speed control loop. A P — w lookup table is modeled to extract maximum energy
from the wind. The table generates a speed reference for the outer-loop speed controller.
Based on the reference signal, the speed controller controls the generator angular speed
and extracts maximum wind energy.

I sd V sd MSC
N Current Voltage
P* Limiter Limiter
PCC| MPPT (eq. 18) (eq.19)

> Control .

i .
@, *7 oL disq

Figure 16. Standard vector control diagram modeled in the MSC.
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A block is modeled to limit the d- and g-axis reference currents generated by the outer
control loop based on the active power priority mode control, which is implemented in the
current limitation block as follows:

i:d = Sign(i:d)\/(lsdq_mted)z - (i;kq)z

- %
qu — qu

(18)

To operate the MSC within the PWM voltage saturation boundary, another block is
modeled to control the voltages produced by the current control loop as follows:

U:d — Vsdquux'cos(éz]:dq) (19)
v:q «— Vsdq_mux'sm(év:dq)

The parameters of the controller are tuned based on a well-known frequency response
technique that has been widely used in the literature [31,32]. We used the frequency
response technique, dynamic models of the MSC and GSC systems, and the PI control
block provided in the MATLAB/Simulink software to tune the parameters of the MSC and
GSC controllers.

7. Analyzing Abnormal Operation of PMSG WTs

In this section, case studies, including two industry cases reported in the literature, are
conducted to evaluate the abnormal operations of PMSG WTs from dynamic P-Q capability
perspectives.

7.1. Case Study 1: An Abnormal Operation Due to the MSC

To understand the significance of pole pairs of PMSG machines and their impact on
the P-Q capability charts, two separate simulations are performed on a grid-tied PMSG
WT with two different pole numbers. In this case, the number of WTs connected to the
grid is set as 1, i.e., N = 1. A variable wind speed as shown in Figure 17a is applied to
the WT. Figure 17 compares the control performance of the PMSG WT with two different
pole numbers: (a) P = 26 and (b) P = 48. The other WT parameters are kept the same as
Table 2. Figure 17c shows the MPPT power during the simulation time frame. For the GSC,
the reactive power reference is kept at 0 MVar. Therefore, the active and reactive powers
generated by the WT follow both the ERCOT and NREC regulations. For the PMSG with
26 pole pairs, MSC can control the rotating speed of the WT and extract the maximum
power from the wind (Figure 17c) and GSC also maintains the dc-link voltage and grid
current stability as shown in Figure 17b,d1. However, the active power, dc-link voltage, and
grid current fail to maintain stability at high wind speed for the PMSG WT with a higher
number of pole pairs (P = 48), and an abnormal phenomenon is observed (Figure 17b,c,d2),
which may cause severe damage to the WT. This happens due to the conventional control
of PE converters, which does not consider the variability of the P-Q capability chart and
uses a fixed one in the controller design. The results are consistent with the study shown in
Section 5.3. The case study reveals that the existing PMSG P-Q capability chart and control
methods cannot address variable nature of PMSG WT P-Q capability and ensure safe and
reliable power system operation.

7.2. Case Study 2: An Abnormal Operation Due to the GSC

In this case, we investigate a situation in which the actual dynamic P-Q capability
of the GSC is not similar to the ERCOT or NERC P-Q capability curve. To simulate the
situation, the NERC P-Q capability chart is modeled in the GSC control block. The wind
speed is the same as that of Figure 17a. The reactive power reference is kept fixed at
0 MVar between 0 and 3 s, 0.40 MVar between 3 and 6 s, 0.80 MVar between 6 and 9 s,
1.1 MVar between 9 and 12 s, and 0.70 MVar after 12 s (Figure 18b). The references are set
in such a way that the active and reactive powers stay within the NREC P-Q capability
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area. However, during the simulation, an abnormal phenomenon is observed for a higher
reactive power demand (9-12 s) as shown in Figure 18, which may damage the WT severely.
The reason behind this occurrence is the actual GSC P-Q capability chart instead of a
dynamic which encompasses the common area between the PWM saturation and rated
current constraint circles (yellow area in Figure 8b), while the NERC P-Q capability chart
considers the rated current boundary only (red circle in Figure 8b). The abnormal operation
occurs when the active and reactive powers generated by the PMSG WT are outside the
yellow area in Figure 8b but within the NERC red circle in Figure 1a. The PCC voltage
increases when the WT starts to generate power and inject into the grid. This increase in
the PCC voltage causes the GSC P-Q capability chart to shrink (Figure 13c,f).

101 (a)

Pw —P(26) —P(48)|

5 155 16 165 17 155 16 165 17

Time (s) . Time (s)
Figure 17. An abnormal operation of the PMSG WT due to the MSC. (a) Wind speed variation,
(b) voltage at the dc-link, (c) active power injected to the PCC, and (d) three-phase currents at
the PCC.
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Figure 18. An abnormal operation of the PMSG WT due to the GSC and its impact on (a) voltage at
the de-link, (b) active and reactive power injected to the PCC, and (c) three-phase currents at the PCC.
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7.3. Case Study 3: An Abnormal Operation Due to the Capacitor Bank Switching

This is a real industry case regarding an irregular operation of HydroOne’s Type-4
wind farm that was caused by the common switching on and off of utility capacitor
banks [23]. It is pointed out in [23] that the abnormal operation of the wind farms and
a lack of a clear industry guideline have confused all involved parties. The wind speed
is the same as that of Figure 17a, and the number of WTs connected online in the wind
farm is set as 250, i.e., N = 250. Similar to [23], a capacitor bank of 50 MVar is added at
the connection point of the wind farm with the grid (as shown in Figure 14) to meet the
reactive power compensation requirement, and another utility capacitor bank of 500 MVar
is connected at the substation bus and may switch on and off routinely. Figure 19 shows the
result of this case study. When the substation capacitor banks were switched on att =155,
a sharp voltage boost (approximately 1.75 p.u.) appeared at the WT PCC (Figure 19¢),
which caused the WT PQ capability region to shrink sharply as illustrated in Figure 13.
This made the GSC of the WTs shift into an overmodulation operation mode after t =15 s
and triggered an abnormal operation event (oscillations in dc-link voltage, active/reactive
power, and grid current as shown in Figure 19a,b,d), which would trip the WTs and result in
the power generation loss of the wind farm. The result of this case study is consistent with
the real-case result reported in [23] and explains the root cause of the abnormal operation
of the Type-4 wind farm.
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Figure 19. An abnormal operation of the PMSG WT due to the capacitor bank switching. (a) voltage
at the dc-link, (b) active and reactive powers injected to the PCC, (c) three-phase voltages at the PCC,
and (d) three-phase currents at the PCC.
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7.4. Case Study 4: An Abnormal Operation Due to the Fault and Low Grid Strength

This is another real industry case about an irregular operation of an ERCOT Type-4
wind farm that was caused by a three-phase to ground fault [33]. For this case study,
250 WTs are connected online in the wind power plant (WPP). Then, the WPP is connected
to the grid through two 120 kV transmission lines as shown in Figure 14. The substation
capacitor bank is turned off. The grid strength is approximately 3.8 in normal operation
conditions with both transmission lines connected online. If one of the 120 kV lines is out of
service due to a fault in the grid, the grid strength will be reduced to 1.9, and the power grid
will be considered a weak grid. This is equivalent to a real case reported in [33]. A variable
wind speed as shown in Figure 20a is applied to the WTs. Figure 20b—e show the result of
this case study. Att =15 s, a three-phase to ground fault occurs, causing one transmission
line to be tripped. An undamped oscillation in the dc-link voltage, active/reactive power,
PCC voltage, and grid current appear (Figure 20b—e) because of the increasing wind speed
and the WPP power is transmitted to the grid through a higher line impedance, which
shrinks the P-Q capability area of GSC, as illustrated in Figure 13d, and pushes the GSC into
over-modulation operation. As a result, an abnormal operation event occurs (Figure 20d),
which will cause the WTs to be tripped and result in the WPP power generation loss. The
result of this case study is consistent with the real-case result reported in [33].
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Figure 20. An abnormal operation of the PMSG WT due to the fault and low grid strength. (a) Wind
speed variation, (b) voltage at the dc-link, (c) active and reactive powers injected to the PCC, (d) three-
phase voltages at the PCC, and (e) three-phase currents at the PCC.
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7.5. Lessons from the Case Studies

The case studies shown above reveal several important attributes associated with
Type-4 wind turbines. First, unlike the conventional synchronous generators, the P-Q
capability characteristics of a Type-4 WT are influenced by many factors, including WT
generator design, WT power converter design, grid condition, etc., and are highly dynamic
and difficult to estimate. Second, due to the dynamic P-Q capability nature, it would be
difficult to ensure the safety operation of Type-4 WTs when a constant and predetermined
P-Q capability curve is used for the WT. On the other hand, the safe operation of the
WTs based on the dynamic P-Q capability chart of the WT is also challenging, as it can
be affected by many unknown factors and is thus difficult or impossible to determine.
Third, the case studies show that many SSO and MC events and weak grid instability
issues, reported in the literature, are actually caused by the P-Q capability variability of
the WTs, particularly the impact of the WT power converter PWM saturation constraint
under uncertain conditions. Fourth, the case studies demonstrate that existing PMSG WT
control technologies, even with the PWM saturation and rated current limitation functions
of (16) to (19), are unable to prevent WT power converters from getting into an abnormal
operation mode, such as SSO, MC, and weak grid instability. As a result, developing a new
control method to overcome the challenge is urgently needed for a PMSG WT.

8. Conclusions

The P-Q capability chart is one of the crucial factors for the design and control of a
grid-connected PMSG WT. Proper chart selection ensures the stability and reliability of the
overall grid operation. In this paper, we performed an extensive dynamic P-Q capability
analysis of a PMSG WT considering the control topology, constraints, and variable grid
conditions. The study reveals that the PMSG P-Q capability is dynamic and distinct from
the standards specified by the power industry. PMSG design parameters, such as the PM
materials used, and pole pairs are important to specify PMSG P-Q capability charts. The
study also finds that changes in dc-link voltage and PCC voltage in real-life situations have
a big impact on the P-Q capability chart. The PMSG P-Q capability region may shrink
due to the PWM modulation technique used and the constraints of both power converters.
Four abnormal operations of PMSG WTs, including two real industry cases, are studied
and illustrated through EMT simulations. The results show several SSO phenomena that
occur for using a fixed P-Q capability instead of a dynamic one. These SSO events are very
harmful to the PMSG WTs and the electric power grid as well. To prevent this loss, a new
standard and control technology should be developed to ensure the reliable and efficient
operation of grid-connected PMSG WTs under any conditions.

Author Contributions: Conceptualization, S.R., S.L., X.F, HW,, Y.-K.H., methodology, S.R., S.L. soft-
ware, SR, S.L., HS.D,; validation, S.R., S.L.; investigation, S.L.; data curation, S.L., S.R.; writing—original
draft preparation, S.L., S.R., writing—review and editing, S.L., S.R., HS.D., X.F,, HW,, Y.-K.H., super-
vision, S.L. All authors have read and agreed to the published version of the manuscript.

Funding: This work is supported by National Science Foundation PFI-RP under grant number
2141067 and National Science Foundation PFI-RP under grant number 2137275.

Data Availability Statement: Not applicable.

Acknowledgments: The authors would like to thank The University of Alabama for supporting us
with lab and library facilities. In addition, the authors would like to express their appreciation to
those colleagues who have contributed to the completion of this work.

Conflicts of Interest: The authors declare no conflict of interest.



Energies 2023, 16, 4116 20 of 21

Nomenclature

The following abbreviations are used in this manuscript:

SSOs Subsynchronous oscillations

WTs Wind turbines

PMSG Permanent magnet synchronous generator
EMT Electromagnetic transient

SG Synchronous generator

NERC North America Electric Reliability Corporation
ERCOT Electric Reliability Council of Texas

VSsC Voltage-source converter

MPPT Maximum power point tracker
WAMS Wide-area measurement system
MSC Machine-side converter

GSC Grid-side converter

PM Permanent magnet

PCC Point of common coupling

SPWM Sinusoidal pulse-width modulation
SVPWM  Space vector pulse-width modulation

WPP Wind power plant
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