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Optimal Auxiliary Frequency Control of Wind
Turbine Generators and Coordination with

Synchronous Generators
Ming Sun, Student Member, IEEE, Yong Min, Lei Chen , Member, IEEE, Kaiyuan Hou,

Deming Xia, and Hangyin Mao

Abstract—Auxiliary frequency control of a wind turbine gen-
erator (WTG) has been widely used to enhance the frequency
security of power systems with high penetration of renewable
energy. Previous studies recommend two types of control schemes,
including frequency droop control and emulated inertia control,
which simulate the response characteristics of the synchronous
generator (SG). This paper plans to further explore the optimal
auxiliary frequency control of the wind turbine based on previous
research. First, it is determined that the virtual inertia control has
little effect on the maximum rate of change of frequency (Max-
ROCOF) if the time delay of the control link of WTG is taken into
consideration. Secondly, if a WTG operates in maximum power
point tracking (MPPT) mode and uses the rotor deceleration for
frequency modulation, its optimal auxiliary frequency control will
contain only droop control. Furthermore, if the droop control is
properly delayed, better system frequency response (SFR) will
be obtained. The reason is that coordination between the WTG
and SG is important for SFR when the frequency modulation
capability of the WTG is limited. The frequency modulation
capability of the WTG is required to be released more properly.
Therefore, when designing optimal auxiliary frequency control
for the WTG, a better control scheme is worth further study.

Index Terms—Frequency droop control, power system
frequency security, rate of change of frequency (ROCOF),
virtual inertia control, wind turbine generator auxiliary
frequency control.

NOMENCLATURE

∆f System frequency deviation from rated fre-
quency (50 Hz).

∆PD Surplus power of the system.
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TJS The inertia time constant of the synchronous
generator (SG) rotor.

∆Pm SG power adjustment.
KG,f Power–frequency static coefficient of SG.
TG The integrated time constant of prime mover

and governor.
∆PL Change in load power after disturbance.
KL,f Power–frequency static coefficient of load.
KWD Coefficient of WTG frequency droop control.
KWI Coefficient of WTG virtual inertia control.
PWm Wind power captured by the wind turbine.
∆PWe sig The control signal of WTG electric power

change.
PWe0 sig Reference of the control signal of WTG elec-

tric power.
PWe sig The control signal of WTG electric power.
PWe The actual WTG output electric power.
PWe0 The initial WTG output electric power.
∆PWe The WTG output electric power adjustment.
Tinv The inertia time constant of the converter.
ωW The rotor speed of WTG.
TJW The rotor inertia time constant of WTG.
∆PD0 System initial power disturbance.

I. INTRODUCTION

AS the penetration of renewable energy increases, tradi-
tional synchronous generators (SGs) are being replaced

by renewable energy sources without the inertia or primary
frequency control, such as wind turbine generators (WTGs)
with doubly-fed induction generators (DFIG) or permanent
magnet synchronous generators (PMSG), and photovoltaics
(PV) [1]. The inertia and the frequency control capability of
power systems have decreased significantly, and the frequency
stability characteristics are worsening [2]. The above factors
have become the main reason for restricting the further devel-
opment of renewable energy.

To solve this problem, various control algorithms have been
proposed. Auxiliary frequency regulation controllers have been
added to WTGs. When system frequency rises, WTG output is
reduced. When system frequency drops, if a WTG is operating
in mode with reserve capacity, it increases its output [3], [4]. If
a WTG is operating in maximum power point tracking (MPPT)
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mode, it increases its output only by decelerating its rotor
speed and releasing the kinetic energy stored in the rotor [5].
When a WTG operates in MPPT mode, there are two main
types of control strategies: frequency droop control (damping
control) [6]–[10], and virtual inertia control (emulated inertia
control) [10]–[15]. The frequency droop control emulates the
primary frequency control of a SG. The input signal is the
system frequency deviation, and the output signal is the wind
turbine output power increment. The wind turbine output
power increment changes linearly with the system frequency
deviation [6]. Because this control scheme for wind turbines
gives the wind turbine a control effect similar to that of SG
damping, this control scheme is also called damping control.
Virtual inertia control uses the frequency differential as an
input signal [10], [11] and emulates the inertial response of
a SG subjected to disturbances. In the initial stage of the
system frequency response (SFR), the frequency deviation is
small, while the frequency differential is relatively large. Thus,
WTGs with virtual inertia control may provide quicker support
power in the initial stage.

However, a WTG is quite different from a SG. Due to the
delay effect in the internal control of a WTG, the control
scheme, such as virtual inertia control, which was supposed
to simulate the frequency response of a SG, may not be
able to achieve the desired effect. At the same time, for the
sake of the cost, a WTG usually operates in MPPT mode
and uses the acceleration or deceleration of the rotor to
participate in the frequency modulation of the system. When
the system frequency drops, due to the minimum speed limit
of the WTG, the frequency modulation ability of the WTG is
limited. System frequency will drop again when the WTG
rotor speed limit is reached and the WTG terminates the
auxiliary frequency control mode [3], [16]. Moreover, the pri-
mary frequency control (PFC) of a SG reacts to the frequency
deviation relatively slowly. Therefore, the quick release of
the limited energy stored in the rotor with the virtual inertia
control is not helpful for the action of PFC of a SG in the
initial stage and is not always the best strategy. Coordination
between the WTG and SG must be taken into consideration
when designing optimal auxiliary frequency control for the
WTG [17].

Based on the existing research, this paper explores a better
design idea for the auxiliary frequency control scheme of a
WTG and makes a preliminary exploration of some specific
scenarios. The main contributions of this paper are as follows:

1) When the delay effect in the internal control of a WTG
is considered and approximated as the first order inertial link,
the virtual inertia control of the WTG has little effect on the
maximum rate of change of frequency (Max-ROCOF).

2) If a WTG operates in maximum power point tracking
(MPPT) mode and uses the rotor deceleration for frequency
modulation, its optimal auxiliary frequency control will con-
tain only droop control. The reason is that the quick release
of limited energy stored in the WTG rotor in the initial stage
of SFR will restrain the release of the PFC for the SG. The
coordination of the WTG and SG is necessary.

3) Furthermore, if a first-order inertial segment is added in
the frequency droop control of the WTG, SFR can be even

better, which further validates that the frequency modulation
capability of the WTG is required to be released at a proper
speed. Therefore, a more proper control scheme of the WTG
is worth further investigation.

The remainder of the paper is organized as follows. Sec-
tion II introduces our detailed analysis model. Section III
discusses the effect of virtual inertia control on Max-ROCOF.
Section IV studies the optimal auxiliary frequency control of
a WTG. Section V further enhances the auxiliary frequency
control of a WTG and discusses the importance of coordi-
nation between the WTG and SG. Section VI presents the
conclusions.

II. MODEL DESCRIPTION

To simplify the analysis, we assume that the whole system
has the same frequency. The frequency dynamics in any node
or generator are all the same. Therefore, the simplified system
model including only one SG, one WTG, and one load is
used to analyze system frequency response [13], [18]–[21].
The model is a revision of the classic SFR model using a
WTG with auxiliary frequency control added [18].

The block diagram of the system is shown in Fig. 1.
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Fig. 1. Block diagram of the system.

The model of the WTG includes rotor dynamics, an aerody-
namic model of the wind turbine, MPPT control, and auxiliary
frequency control.

Here, we only discuss the severe situation in which the
power system encounters a power shortage, and the system
frequency drops. For economic reasons, we assume that the
WTG operates in MPPT mode, and that it can only provide
temporary support for the system frequency [16].

Under these circumstances, when the WTG engages in
frequency regulation, it increases its output electric power, and
therefore its rotor slows down because the output electrical
power is greater than the input mechanical power. When the
speed of the wind turbine is less than a certain value, the
wind power captured by the wind turbine drops sharply, which
may cause the wind turbine to stop. For the WTG to avoid a
shutdown, its rotor has a minimum speed limit. When its rotor
speed reaches the minimum speed limit, the WTG terminates
the auxiliary frequency control mode and its rotor accelerates
to the maximum power point again. The process of a WTG
terminating the system frequency regulation may cause the
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system frequency to drop again [16]. This process must be
considered.

To describe the entire process of a WTG participation in
power system frequency regulation more clearly, Fig. 2 is
presented. In the initial stage, the WTG operates at point A.
The mechanical power it obtains from the wind is equal to the
electric power it outputs to the grid. Then, a power disturbance
occurs in the grid. Considering the worst situation, we assume
the power disturbance to be a sudden power shortage. Thus, the
electric power that the WTG outputs to the grid increases. The
WTG engages in the primary frequency regulation process and
increases its electric power output. It now changes to operate
at point B, where its electric power output is bigger than the
mechanical power input, and the rotor begins to decelerate.
When the rotor speed decelerates to a minimum speed limit
(point C), the WTG terminates the auxiliary frequency control
mode. Thus, WTG comes to point D. The mechanical power
input is now bigger than the electric power output, and the
rotor begins to accelerate. Finally, WTG returns to point A.
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Fig. 2. Illustration of the entire process of participation of a wind turbine
generator in power system frequency modulation when operating in MPPT
mode.

The output of the auxiliary frequency control is:

∆PWe sig = −KWD∆f −KWI
d∆f

dt
(1)

Adding the additional power ∆PWe sig to the reference
power for MPPT control PWe0 sig, we obtain the total power
order PWe sig = ∆PWe sig + PWe0 sig.

We adopt MPPT control so that the power output is deter-
mined by the WTG rotor speed. Then, the reference power for
MPPT control is a function of the rotor speed of the WTG.

PWe0 sig = g(ωW) (2)

The relationship between the power order PWe sig and the
actual power output PWe is modeled with a converter, and the
equations are shown in appendix A.

The rotor motion equation of the WTG is:

TJWωW
dωW

dt
= PWm − PWe (3)

where TJW is the WTG rotor inertia time constant.

Regardless of the adjustment of the pitch angle, assuming
that the wind speed does not change during the period in which
the WTG engages in the frequency regulation, the wind power
captured by the wind turbine PWm is only related to the rotor
speed of the WTG ωW [22].

PWm = f(ωW) (4)

Detailed parameters are shown in appendix B.

III. EFFECT OF VIRTUAL INERTIA CONTROL ON
MAX-ROCOF

The effect of WTG virtual inertia control on Max-ROCOF
is studied in this section.

According to [23], the expression of the inertia response of
SG is:

Pe(t) ≈ −PNTJS

fN

df(t)

dt
(5)

The inertia response of SG has no time delay. When a
disturbance occurs and system frequency begins to drop,
the kinetic energy stored in the rotor of SG will release
immediately. Virtual inertia control is designed to simulate
the inertia response of the SG.

However, the control link of the converter has a time delay.
It can be approximated as a first-order inertial segment:

∆PWe(s) =
1

1 + sTinv
∆PWe sig(s) (6)

A simulation to verify the rationality of the model approx-
imation is conducted. In the detailed model, we change the
WTG power reference Pref with a step signal of magnitude
0.1, and the WTG output electric power is shown as Fig. 3.
From Fig. 3 we know that using a first-order inertial segment
as the simplified model of the converter is reasonable [24].
With the simplified model of the converter, the system model
is also simplified, as shown in Fig. 4.
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Fig. 3. WTG output electric power.

Based on the simplified analysis system in Fig. 4, the
frequency response is subjected to a step power disturbance
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Fig. 4. Block diagram of simplified system.

of magnitude ∆PD0 which is:

∆f(s)=
∆PD0

s
· 1

KL, f+sTJS+
KG, f

1+sTG
+
KWD+sKWI

1 + sTinv

(7)

The Max-ROCOF occurs in the initial stage of the distur-
bance. Using the Laplace transform initial value theorem, we
easily obtain:

d∆f(t)

dt

∣∣∣∣
t=0

= lim
s→∞

s2 ·∆f(s)

= lim
s→∞

s2 · ∆PD0

s
· 1

KL, f + sTJS +
KG, f

1 + sTG
+
KW1 + sKW2

1 + sTinv

=
∆PD0

TJS
(8)

We can see that the Max-ROCOF (initial ROCOF) is hardly
affected by the virtual inertia control of the WTG because
of the first-order inertia link time delay. It is affected by the
system’s initial power disturbance ∆PD0 and the inertia time
constant of the synchronous generator (SG) rotor TJS.

This conclusion can be verified by simulation results with
the detailed model. In the detailed model, the SG adopts the
six-order model, and the WTG adopts the detailed converter
model. The description of the six-order detailed model of the
SG is shown in appendix C. We use a different KWI for the
simulation and calculate the Max-ROCOF, which is also the
initial ROCOF.

From Fig. 5 and Table I, we know that with the increase of
KWI, Max-ROCOF remains unchanged.

TABLE I
MAX-ROCOF WITH DIFFERENT

KwI MAX-ROCOF
0 −0.1217
5 −0.1217
10 −0.1217
15 −0.1217
20 −0.1217

From the above analysis, we can conclude that virtual inertia
control of the WTG has little effect on the Max-ROCOF.
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Fig. 5. Comparison of System Frequency Deviation with Different KWI.

IV. OPTIMIZATION STUDY OF WTG AUXILIARY
FREQUENCY CONTROL

Frequency deviation is an important index of the SFR. This
section analyzes the role of virtual inertia control in reducing
frequency deviation.

We start our study with the optimization of the auxiliary
frequency control of the WTG with virtual inertia control
and frequency droop control. The following is a detailed
description of the optimization. The decision variables are
KWI and KWD in (1). The objective function maximizes the
frequency nadir after a step power disturbance. Equation (9)
is equivalent to the optimizing frequency deviation.

max
KWI,KWD

(
min
t

∆f(t)
)

(9)

The constraint is (10) according to the physical meaning of
the frequency droop control and virtual inertia control.

KWD > 0,KWI > 0 (10)

The frequency response in (9) is determined by the system
in Fig. 1. Since it is a parameter optimization problem and
no analytical expression of the objective function is available,
we should use heuristic optimization algorithms to solve the
problem. Thus, the particle swarm optimization algorithm is
used to solve the problem. The optimal parameters and its
comparison with other parameters are shown in Table II.

TABLE II
MAX-ROCOF WITH DIFFERENT

KWD KWI min ∆f
13.3 0 −0.9711 (optimal parameters)
13.3 5 −0.9841
13.3 10 −0.9972
0 0 −1.082 (no auxiliary frequency control)

Notice that the coefficient of virtual inertia control is zero,
which means the virtual inertia control can be omitted.

The comparisons between the system responses with differ-
ent coefficients are shown in Fig. 6. It can be seen that the
SFR with an auxiliary controller with no virtual inertia control
is the best result.
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More cases are simulated to verify the conclusion. Case
group 1 simulates disturbances of different magnitudes. Case
group 2 and 3 simulate different proportions of the WTG. Case
group 4 simulates different responding speeds of the PFC of
the SG. Other parameters remain unchanged. The results are
shown in Table III. In all cases in Table III, the optimal KWI
are all 0.

TABLE III
RESULTS OF OPTIMIZATION OF DROOP CONTROL AND VIRTUAL INERTIA

CONTROL WITH DIFFERENT PARAMETERS

Case Group Changed Optimization Results
min ∆f

Number Parameter (s) KWD KWI

1
∆PD0 = −1.12 10.2 0 −1.3258
∆PD0 = −0.98 11.5 0 −1.1485
∆PD0 = −0.70 15.6 0 −0.7957

2
TJS = 300 13.2 0 −1.0104
TJS = 400 13.3 0 −0.9319
TJS = 450 13.4 0 −0.9012

3
TJW = 15 12.6 0 −0.9855
TJW = 20 14.5 0 −0.9466
TJW = 25 16.2 0 −0.9113

4
TG = 10 15.8 0 −0.8241
TG = 13 14.2 0 −0.9154
TG = 18 12.1 0 −1.0489

The following is an explanation of the above results. When

the virtual inertia control is adopted,
d∆f

dt
is relatively larger

in the initial stage, and the control causes the WTG to quickly
output more electric power. But the capability of the WTG
to provide additional power is limited. If the capability of the
WTG is released too quickly in the initial stage, the frequency
deviation is suppressed and the PFC of the SG, which reacts to
the frequency deviation, is restrained. When the capability of
the WTG is exhausted, the action of the SG is not sufficient,
which is detrimental to the frequency deviation. Therefore,
virtual inertia control can be omitted for optimal frequency
deviation.

V. FURTHER IMPROVEMENT OF FREQUENCY DROOP
CONTROL

The importance of coordination between the WTG and SG
is addressed in Section IV, which considered that the speed of
releasing the frequency modulation energy of the WTG should
assume an appropriate value. Section V now studies whether
SFR will improve if the WTG releases frequency modulation
energy at a slower speed and better coordinates with the SG.

To cause the WTG to release energy slower, a first-order
inertial segment is added in the frequency droop control of
the WTG, and the auxiliary frequency control assumes the
following form:

d∆PWe sig

dt
= − 1

TWD
(∆PWe sig +KWD∆f) (11)

We call (11) the “frequency droop control with first-order
inertial segment.” TWD is the time constant. Correspondingly,
the block diagram of the auxiliary control of the WTG is
modified as shown in Fig. 7.
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Fig. 7. Block diagram of droop control with time delay of the wind turbine
generator.

Using KWD = 13.3 from Table II, we change the value of
TWD to obtain the relationship between min ∆f and TWD in
Fig. 8. From Fig. 8, we can see that when TWD = 1.3, min ∆f
obtains its maximum value of −0.9675, which is larger than
the value −0.9711 in Table II.
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The comparisons between SFR with different KWD and
TWDare shown in Fig. 9. It can be seen from the optimal curve
(red) that WTG releases energy for a longer period than the
non-optimal curve (blue).
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For each of the optimal KWD in Table III, the optimal
TWD is searched to further verify our assumption. The results
are shown in Table IV. From Table IV we can see that
droop control with the proper time delay is better than simple
droop control. Therefore, the WTG does not need to release
its limited frequency regulation capability too quickly. This
finding further proves that coordination between the WTG and
SG is important for better SFR.

TABLE IV
RESULTS OF OPTIMIZATION OF DROOP CONTROL WITH TIME DELAY

USING DIFFERENT PARAMETERS

Case Group
Number

Changed
Parameter(s) KWD TWD min ∆f

min ∆f
in
Table III

1
∆PD0 = −1.12 10.2 1.2 −1.3225 −1.3258
∆PD0 = −0.98 11.5 1.3 −1.1451 −1.1485
∆PD0 = −0.70 15.6 1.4 −0.7919 −0.7957

2
TJS = 300 13.2 1.1 −1.0074 −1.0104
TJS = 400 13.3 1.7 −0.9277 −0.9319
TJS = 450 13.4 2.1 −0.8963 −0.9012

3
TJW = 15 12.6 1.5 −0.9811 −0.9855
TJW = 20 14.5 1.0 −0.9435 −0.9466
TJW = 25 16.2 0.7 −0.9101 −0.9113

4
TG = 10 15.8 1.1 −0.8215 −0.8241
TG = 13 14.2 1.2 −0.9122 −0.9154
TG = 18 12.1 1.5 −1.0447 −1.0489

VI. CONCLUSIONS

A better design idea for an auxiliary frequency control
scheme of a WTG is explored in this paper. The main
contributions of this paper are as follows:

1) When the delay effect in the internal control of the WTG
is considered and approximated as the first order inertial link,
the virtual inertia control of the WTG has little effect on the
Max-ROCOF.

2) If a WTG operates in a maximum power point tracking
(MPPT) mode and uses the rotor deceleration for frequency
modulation, its optimal auxiliary frequency control will con-
tain only droop control. Furthermore, if a first-order inertial
segment is added to the frequency droop control of the WTG,
SFR can be even better.

3) Coordination between the WTG and SG is an important
factor in designing the auxiliary frequency control of the
WTG. Limited frequency modulation capability for the WTG
is necessary for proper release.

Furthermore, as stated in [16], the SGs and power elec-
tronic interfaces (PEIs) have a completely different inherent
frequency regulation mechanism. We should broaden our ideas
to design a better auxiliary frequency control scheme for the
WTG.

APPENDIX

A. Detailed Model of Converter

The relationship between the power order PWe sig and the
actual power output PWe is modeled with a converter, and the
equations are (A1)–(A24).

dix
dt

=
ω0

Xf
(−Rf ix +Xf iy + Ex − ux) (A1)

diy
dt

=
ω0

Xf
(−Rf iy −Xf ix + Ey − uy) (A2)

dxtheta

dt
= uq (A3)

dθ

dt
= kppll

uq + kipllxtheta (A4)

dxp

dt
= Pref − PWe (A5)

dxq

dt
= − (Qref −QWe) (A6)

dxid

dt
= idref − id (A7)

dxiq

dt
= iqref − iq (A8)

dϕ

dt
= 2πf0∆f (A9)

idref = kpp
(Pref − PWe) + kipxp (A10)

iqref = kpq
(−Qref +QWe) + kiqxq (A11)

Ed = kpid
(idref − id) + kiidxid + ud −Xf iq (A12)

Eq = kpiq
(iqref − iq) + kiiqxiq + uq +Xf id (A13)

ux = U0 cosϕ (A14)
uy = U0 sinϕ (A15)

PWe = uxix + uyiy (A16)
QWe = uyix − uxiy (A17)
id = ix cos θ + iy sin θ (A18)
iq = −ix sin θ + iy cos θ (A19)
ud = ux cos θ + uy sin θ (A20)
uq = −ux sin θ + uy cos θ (A21)
Ex = Ed cos θ − Eq sin θ (A22)
Ey = Ed sin θ + Eq cos θ (A23)
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Pref = PWe sig = PWe0 sig + ∆PWe sig (A24)

B. Parameters of the Detailed Analysis Model

We assume that the wind speed is approximately unchanged
when the WTG engages in the frequency regulation process,
and the pitch angle adjustment is not activated. The blocks and
parameters of Fig. 1 are described in detail in the following.

According to reference [25],

PWm = f(ωW) =
1

2
πρR2ν3

WCp(λ, β) (B1)

where ρ is the air density, R is the rotor blade radius, νW is
the wind speed, λ is the tip speed ratio, β is the pitch angle,
and Cp is the power coefficient.

The tip speed ratio can be determined as follows.

λ =
ωtR

νW
= kGR

ωW

νW
(B2)

where kG is the gear ratio of the gearbox. ωt and ωW are the
wind turbine and WTG rotational speed, respectively.

The expression of Cp is as follows,

Cp = 0.22

(
116

λi
− 0.4β − 5

)
e
−12.5
λi (B3)

λi =
1

1

(λ+ 0.08β)
− 0.035

(β3 + 1)

(B4)

The pitch angle is β = 0.
Using calculus, it can be easily obtained that Cp takes the

maximum value Cp max when λ = λCpmax
. Substituting (B.

3) in (B. 1) yields:

PWm max =
1

2
πρR2

(
kGRωW

λCpmax

)3

Cp max = Koptω
3
W (B5)

According to the relevant data for wind turbines and wind

farms, in our simulation, it can be approximated that
1

2
πρR2 =

0.0015 and kGR = 55. The wind speed is set as νW = 8.5 m/s.
Therefore, in Fig. 1,

f(ωW) = 0.314

(
17.93

ωW
− 9.06

)
e
−1.932
ωW (B6)

g(ωW) = 0.4322ω3
W (B7)

The other parameters of the system are shown in the following.

TJS = 345.15, TJW = 16.72,KL, f = 5.468,KG, f = 67.5,

TG = 15, ωmin = 0.7,∆PD0 = −0.84, ω0 = 100π,

Rf = 0.01, Xf = 0.1, Qref = 0, kppll = 50, kipll = 1000,

kpp = 1, kip = 50, kpq = 1, kiq = 50, kpid = 1, kiid = 100,

kpiq = 1, kiiq = 100 (B8)

C. Six-Order Detailed Model of Synchronous Generator

The six-order detailed model of a SG is (C1)–(C24)

dδ

dt
= 2πf0∆f (C1)

d∆f

dt
=

1

TJS
(∆PD0 + ∆Pm −∆Pe −∆PL + ∆PWe) (C2)

dϕfd

dt
=
Rfd

Xad
Efd −Rfdifd (C3)

dϕd′

dt
= −Rd′id′ (C4)

dϕd′

dt
= −Rd′id′ (C5)

dϕq′′

dt
= −Rq′′iq′′ (C6)

dEfd

dt
=

1

TA
[−Efd +KA(Uref − Ut + p2)] (C7)

dp1

dt
=

1

TW

(
−p1 +KSTABTW

d∆f

dt

)
(C8)

dp2

dt
=

1

T2

(
−p2 + p1 + T1

dp1

dt

)
(C9)

ud = Xqiq −Xaqid′ −Xaqiq′′ (C10)
uq = −Xdid +Xadifd +Xadid′ (C11)
ϕfd = −Xadid +Xffdifd +Xadid′ (C12)
ϕd′ = −Xadid +Xadifd +Xd′′id′ (C13)
ϕd′ = −Xaqiq +Xq′′id′ +Xaqiq′′ (C14)
ϕq′′ = −Xaqiq +Xaqid′ +Xq′′iq′′ (C15)

ix = id sin δ + iq cos δ (C16)
iy = −id cos δ + iq sin δ (C17)
Utc = Vs + jXL(ix + jiy) (C18)

Ut = |Utc| (C19)
ux = Re(Utc) (C20)
uy = Im(Utc) (C21)

ud = ux sin δ − uy cos δ (C22)
uq = ux cos δ + uy sin δ (C23)
Pe = udid + uqiq (C24)
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