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Abstract: Field-oriented control (FOC) has achieved great success in permanent magnet synchronous
motor (PMSM) control. For the PMSM drive, FOC allows the motor torque and flux to be controlled
separately, which means the torque and flux are decoupled from each other. Since the torque control
is achieved by the speed controller, it can be considered that the speed and the flux of the PMSM
are also decoupled from each other and can be controlled separately. In this paper, we propose a
PMSM vector control using decoupled speed and flux controllers based on the proportional-resonant
(PR) control method. A flux controller is proposed to control the flux of the PMSM and generate the
d-axis reference current, whereas the speed regulator is used to generate the torque as well as the
g-axis reference current. The PR controller is proposed to control the dg-axis currents and generate
the reference voltages; its design is included.Therefore, decoupled speed and flux controllers are
controlled separately using the PR controller. The Matlab/Simulink environment is utilized for the
simulation, while the dSPACE DS1104 is used for the experimental work. The proposed control
method is simple; there are no flux or torque estimators required, so it can avoid the complexity of
estimators in the control scheme. The motor is tested under different scenarios, including flux change,
speed change, and load torque change. The simulation and hardware results show the effectiveness
of the proposed control method in controlling the the speed and the flux of PMSM with fast motor
response and good dynamic performance in the different scenarios.

Keywords: decoupled control; flux controller; PMSM; proportional-resonant; speed control; vector
control

1. Introduction

Nowadays, permanent magnet synchronous motors (PMSMs) are widely recom-
mended for many industrial applications due to their simple structure, high performance,
excellent efficiency, and high reliability [1]. Field-oriented control (FOC), also called vector
control (VC), is the most common technique used to control the PMSM. The FOC method
allows the motor torque and flux to be controlled separately, which means the torque and
flux are decoupled from each other. Moreover, direct torque control (DTC), voltage vector
control (VVC), and non-linear control are classified under vector control techniques [2—4].
Figure 1 presents the flowchart of the PMSM control techniques.

In [5], the authors propose a PMSM based on FOC and DTC control strategies using
the space vector pulse width modulation (SVPWM) technique. To apply the FOC scheme,
a mechanical sensor was required to determine the motor position. On the other hand, flux
and torque estimators were required to achieve the DTC technique. In [6,7], the authors
compared FOC and DTC techniques in controlling the PMSM. The performance of each
method was included. The simulation results showed that the FOC scheme has a fast
speed response and low torque ripple. On the other hand, the switching frequency based
on the DTC scheme is much lower than the FOC scheme. In [8], the authors proposed a
DTC speed control of PMSM based on a fractional PID controller method. Compared to
a traditional PID controller, better motor performance was achieved. In [9], the authors
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presented PMSM performance based on the DTC technique using a SVPWM inverter. A
torque and flux linkage estimator was required to apply the DTC scheme. The proposed
control method achieved fast dynamic performance with low ripple in the torque and the
speed response.

PMSM Control Techniques

l l

Scalar Control Vector Control
l |
+ v ' +
Direct Field Voltage —
V/f Control Torque Oriented Vector
Control

Control (DTC)  Control (FOC)  Control (VVC)

Figure 1. PMSM control techniques diagram.

In [10], the authors proposed a speed control of a PMSM based on the current model
predictive controller (MPC). The proposed control method was compared with the tradi-
tional vector control methods, such as FOC and DTC techniques. The simulation and the
experimental results showed that the MPC method improved the overall performance of
the PMSM.

A robust nonlinear predictive current control (RNPCC) for a PMSM is described in [11].
Compared to traditional predictive current control (PCC), the RNPCC has strong robustness
and good dynamic performance. In addition, the current error, which was caused by a
parameter disturbance, was removed.

A model predictive speed control (MPC) for a three-phase PMSM was discussed in [12].
Based on the MPC controller, the overshoot, the settling time, and the overall performance
of the PMSM were improved. In [13], the authors proposed a double MPC to control the
speed and the current of the PMSM. The MPC controller was used for the speed outer loop,
while the deadbeat predictive controller was used for the current inner loop. The proposed
control strategy proves its efficacy in controlling the PMSM with no overshoot, excellent
steady-state performance, and fast speed response.

Speed control of the PMSM based on a sliding mode controller was studied in [14].
The sliding mode controller was designed for the speed loop, while the PI controller was
used to control the current of the PMSM. Excellent static and dynamic speed performances
were achieved.

A disturbance compensation based on model predictive flux control (DCB-MPFC)
of a surface permanent magnetic synchronous motor (SPMSM) with optimal duty cycle
(ODC) using a two-level inverter is discussed in [15]. The proposed method was compared
to the PI model predictive torque control (PI-MPTC) method. The simulation and the
experimental results validated the effectiveness of the proposed control method in reducing
the torque ripple as well as its ability to reject the torque disturbance.

In [16], the authors present a novel direct instantaneous torque and flux control of
the PMSM with an adaptive linear neuron (ADALINE)-base motor model. Based on the
proposed control method, the torque ripples were cancelled, and the parameter sensitivity
was eliminated. The simulation results showed the fast and smooth torque response of the
PMSM as well as the robustness of the proposed control method against the disturbance
and the parameter variations.

Reference [17] proposed a new deadbeat direct current controller of PMSM based on
two adjacent voltage vectors: the active voltage vectors (AVVs) and the zero voltage vector
(ZVV). The proposed method improved the motor performance. The torque and the flux
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ripple were reduced, the THD stator current was decreased, and a fast dynamic response
was obtained.

References [18-21] presented a deadbeat direct torque and flux control of PMSM (DB-
DTEC). Six-Phase PMSM torque control was used in [22] by injecting a fifth-harmonic into
each phase current of the stator. In [23], a deadbeat current and flux vector control(DB-
CFVC) of interior permanent magnet synchronous motor (IPMSM) was presented. The
stator flux linkage vector was implemented in a3 stationary coordinates instead of rotating
frame (dg coordinates).

Vector control of a PMSM based on the proportional resonance (PR) control method
was described in [24]. The simulation results illustrated a comparison in motor performance
between the PI controller and the PR control method. The proposed control method was
simple to implement and improved the overall performance of the PMSM.

An active disturbance rejection control for speed variation suppression of the PMSM
using a proportional resonant (PR-ADRC) controller was discussed in [25]. The PR-ADCR
control method was proposed to eliminate speed variation due to any internal or external
disturbance. In addition, the PR controller was combined with the linear extended state
observer (LESO), and with this combination, the dc and ac disturbances of the speed loop
were totally rejected.

Reference [26] presented a speed estimator for direct torque and flux control (DTFC) of
PMSM using model reference adaptive control (MRAC) based on rotor flux. The reference
model represents the voltage model, while the adaptive model represents the current
model. The proposed method was tested with and without load disturbance; therefore, the
simulation results showed that the speed estimate followed the reference speed exactly and
the ripples in the torque and current response were reduced.

The authors in [27] presented a stator flux linkage adaptive SVM-DTC control strategy
for a PMSM. The stator flux adaptive algorithm was used to control the dg-axis currents
through the MTPA method. Comparing the stator flux linkage adaptive SVM-DTC control
method with the traditional SVM-DTC, the simulation results validated the efficacy of
the proposed control method in reducing the stator output current, which significantly
improved the control of the motor.

In this paper, a vector control technique for a PMSM using decoupled flux and speed
controllers based on a PR current controller is proposed. The d-axis reference current (i)
is no longer kept at zero; therefore, a separate flux controller is used to achieve the d-axis
reference current. On the other hand, the speed controller is used to achieve the g-axis
reference current of the PMSM. In addition, the PR controller was designed for the inner
current loop to control the dqg-axis reference currents and generate the dg-axis reference
voltages. The speed and the angular position of the PMSM can be measured using the
motor encoder. The actual flux and torque of the PMSM are determined directly using
simple calculations; therefore, no flux or torque estimator is required.

The novel contributions of this work are as follows:

*  The speed and flux decoupled controllers are proposed to control the dq-axis current
through the PR controller.

¢  Both speed and flux control are achieved separately.

e The PR controller is proposed to control the dg-axis currents and generate the reference
voltages.

*  This method does not require a phase-locked loop (PLL), which makes it simpler.

* No flux or torque observer is required, which makes the overall control strategy
less complex.

The organization of the paper is as follows: Section 1 discusses the introduction and
the literature review, and Section 2 includes the mathematical model of the PMSM. Section 3
analyzes the proposed control method. Section 4 provides system simulation results. Section 5
presents the test setup platform with the experimental results. Section 6 summarizes the
conclusion.
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2. The Mathematical Model of PMSM

The model of the PMSM can be presented in the abc domain or the two-axis dg domain.
However, the dg model has been widely used due to its simplicity in the motor control. The
voltage equations of the PMSM are given in Equations (1) and (2).

. di .
V; = Reig + de% — wyLgig 1)

. di .
Vy = Rig + L,,d—f — wy(Lgig + Pm) @)

The PMSM flux equations are shown in Equations (3) and (4), while Equation (5)
describes the permanent magnet flux linkage.

¥sa = Lala + m ®)
peq = Lyig @)

1 K. 60
¥ =" J31000p ©

The developed torque of the PMSM is given in Equation (6). For a surface mounted
PMSM, L; = L;, and the torque equation can be rewritten as in Equation (7).

3 . ..
T, = EP(‘/’mlq + (Lg — Lg)iqiq) (6)

3 . .
T, = Ep(lpmzq) = Kiig (7)

The relation between the rotor electrical speed and the rotor mechanical speed of the
PMSM is described as in Equation (8).

Wy = We— 8)

In order to convert the voltages and the current from abc to dq0 reference frame, park
transformation [28] is utilized as shown in Equations (9) and (10).

Vi 5 sin(0y) sin(6, —120) sin(6, +120)] [V,
Vil = 3 cos(6;) cos(6y —120) cos(6, +120)| |V, )
Vo 1 1 1 v
. 2 2 2 L Ve
[V sin(6y) cos(6y) 17 [V4]
V| = |sin(6, —120) cos(6, —120) 1| |V, (10)
Rz sin(6, +120) cos(6y+120) 1] [Vp]

Park to Clarke transformation (dq0 to a0 transformation) [28] can be applied based
on Equations (11) and (12).

(V] [cos(0,) —sin(6,) 0] [V,
Vg| = |sin(6y) cos(6,) 0| |V, (11)
Vo] | o 0o 1] |l
V4] [sin(6,) —cos(6,) O] [Va]
Vy| = |cos(0;) sin(6,) O |Vp (12)
Vol | o o 1] |v]
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3. Control Algorithm Description

A speed/flux decoupling technique based on the FOC scheme using the PR controller
method is proposed. The FOC method allows the motor torque and flux to be controlled
separately, which means the torque and flux are decoupled from each other. The speed
controller is a proportional-integral (PI) regulator, which produces the reference torque.
The calculated torque is compared with the reference torque, generating the torque error
signal. Then, the g-axis reference current (i;) is generated based on the constant relationship
between the torque and the g-axis reference current as shown in Equation (7). Since the
d-axis reference current (i}) is not zero, a flux controller is proposed. The flux controller is
based on a PI regulator. The calculated flux is compared with the reference flux generating
the error signal of the d-axis reference current (i}). Furthermore, the proportional resonant
(PR) controller is suggested for the inner current loop. However, to apply the PR control
method, Park’s inverse transformation (dq/af ) is required. Then, the inverter is controlled
by pulse width modulation (PWM). The block diagram of the proposed control method is
shown in Figure 2.

* o+
o CoFr:tL:)ciller
—( —
- dq aff
FR ’ PWM Inverter
Controller
o+ _— af > abc >
pee: +
—
iy Controller -3 —
constant torque
w ia
Flux P d M
FluxTorque ] q < ib
Torque Calculations  [«—9 abe | ic
PMSM

Figure 2. Block diagram of the proposed method.

3.1. The Speed and Flux Controllers Design Using PI Controller

The speed and the flux controllers are constructed based on the PI controller. The
gains of the PI controller are designed based on Ziegler-Nichol’s (ZN) method [1,29].
The transfer function of the PI- controller is described in Equation (13).

K:
GpI(S) = Kp + ?l (13)

Based on ZN’s method, K; and Kp are adjusted to satisfy Equations (14) and (15).

K, = 0.45K,, (14)
K _ 1.2K, 5)
PC}’

where K, is a critical point gain, and P, is the corresponding period of sustained oscillation.

3.2. The Current Controller Design Using a PR Controller

The current controller is constructed based on the PR control method. The principle of
the PR controller is to eliminate the steady-state error by introducing an infinite gain at a
fundamental sinusoidal signal [30]. The transfer function of the PR controller is given by
Equation (16).

S
GPR(S) = Kp + Krm (16)
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where Kp and K, are the proportional and the resonant control gains, respectively, and w is
the fundamental angular frequency.

Here, w can be chosen at the desired reference current frequency or the fundamental
frequency at w = 27tf = 271(60) = 377%. The controller gains (K, and K;) can be tuned
using [30,31] as follows:

¢  The main target of the PR controller is to make the measured current equal to the
reference current; in other words, make the error equal to zero.

*  The gain K, is first set to zero.

* K, can be increased from zero until sustained oscillations in the error waveform occur
at Ky cr-

*  SetK, = 0.45Kp ;.

*  The value of K, can be increased from 0 until a zero steady-state error occurred.

*  Note that a larger value can help to eliminate the steady-state error and reduce the
settling time, but it creates a larger overshoot. There is a trade-off between steady-state
error and overshoot. Choose the suitable value of K; for your desired overshoot and
settling time.

4. PMSM Performance Analysis and Simulation Results
4.1. Motor Specifications, Controller Design, and Simulation Model
The performance of the three-phase PMSM using decoupled speed and flux controller

based on the PR control method is examined using the Matlab/Simulink environment. The
motor specifications are listed in Table 1.

Table 1. PMSM specifications.

Parameter Value
Rated power 200 W
Rated voltage 42V

Max speed 3000 RPM

Pole-pairs number 4
Voltage constant 9.5 V/Krpm
Resistance (L-L) 0.4 Ohms
Inductance (L-L) 540 uH

Magnetic flux linkage 0.01309 Wb

The current response overshoot was assumed to be 5%, and the settling time was
selected as 3 s. Then, based on the tuning rules in Section 3, the PR gains can be found.

The Simulink model of the closed loop PR controller and the current error signal
is shown in Figure 3. The error signal waveform shows that the controller behaviour is
following the desired characteristic. The speed, flux, and current controller gains are listed
in Table 2.

Table 2. Controller gains.

Speed Flux Currents

Controller gains Ky, =25 K, =02 Ky, =05
K;i =05 K; =1.09 K, =32
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current error signal
.

I I

/-\-/- O error Vg vq Display 0.3
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0.4

sine ref PR controlelr PMSM plant C' o5t

0.6

Time (s)

Figure 3. Simulink model of the closed loop PR controller and current error signal waveform for the
selected gains.

The Simulink model of the PMSM using decoupled flux and speed controller based
on the PR control method is depicted in Figure 4.

@—b Plis)
flux ref
flux controller

I@—» Pl(s)

Ty v ] ()
[Toruge

dgl .
edqg af0 [ emor . u afig oo [rPlu=t P

TL
abc L ;
g Tm dq0 i flux [flux]
5 9+ abe to dg
. Ap——  ga Flux calculations
N m
% B B
- 5 <Rotor angle thetam (raqg mod 4@
c c pole pairs 1J—’
<Rotor speed wm (rad/s)> | 2+pj

Permanent Magnet
Synchronous Machine2

[speed]

<Electromagnetic torgue Te |

Figure 4. The Simulink model using the proposed control method.

4.2. PMSM Simulation Performance

The simulation model was built using Matlab/Simulink and was run for 2 s. The
reference speed, the reference flux, and the load torque were applied to the PMSM as a step
input and are shown in Equations (17), (18), and (19), respectively.

300rpm, 0<t<1

Wref = {500 rpm, 1<t<2 (17)
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05Wb, 0<t<05

Fluxyes = { 1Wb, 05<t<2 (18)
0ANm, 0<t<15
TL= {0.3 Nm., 15<t<2 (19)

The overall performance of the PMSM is shown in Figure 5. The reference flux was
increased to 1 Wb at t = 0.5 s. The flux controller kept the actual flux as its reference value.
The d-axis current i; was increased to 2 A. The speed reference was changed to 500 rpm
att = 1s, and as shown in the results, the speed regulator keeps the PMSM speed as its
reference value. In addition, the load torque was increased to 0.3 N.m at ¢ = 1.5 s. With the
load change, the speed and the flux are still kept as their reference, while the g-axis current
ig increased to 4 A.

Figure 6 presents the transient response of the electromagnetic torque, flux, and the
dg-axis currents. The first transient for all quantities occurred at the motor startup around
t = 0.41 s. Figure 6a presents the transient response for the electromagnetic torque, the
second transient occurred when the reference speed changed at t = 1 s, and the third
transient occurred at t = 1.5 s when the load torque was changed. Figure 6b presents the
flux transient response and the second transient at t = 0.5 s when the flux reference was
changed. It can be seen that the flux response was not affected by the reference speed
change at t = 1 s. Figure 6¢,d present the dg-axis currents transient response. As presented
in the control algorithm section, the g-axis current is related to the torque, so the transients
of i, are similar to T,. While d-axis current is related to the flux control, both the torque and
iz have similar transients.

labe (A)
[
s |
Lt |
LG
Speed (rpm)

w0 /
o]
100 j

0 0 | | | | | | |

Motor torque (N.m) Load torque (N.m)

0e h l Te 0023 l TL

0 ‘ | ‘ | | | | ! 0 0.2 0.4 0.6 0.8 1 1.2 14 1.8 1.8 2

Time

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
Time

Flux ref
Flux

Figure 5. Simulation results of the overall performance of the PMSM.
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dSPACE
D5 1104

CP 1104 board PWM [y

5. Experimental Analysis and Results

The experimental work was performed using a three-phase inverter board supplying a
three-phase PMSM with 42 VDC. The three-phase inverter was controlled using a real-time
interface platform, dSPACE DS1104. The experimental platform and system setup are
shown in Figure 7.

DC Source

Input
+12V DC

+2 vV GND

[

1

To
A2 + control

Jaanu|

erator

B2 - oltage

ADC

Current
Measurment
To control Motor

Al Bl

+

Encoder

Motor DC
Generator

Figure 7. The experimental platform and system setup.

The experiment was conducted with the same PMSM parameters and the same con-
troller gains listed in Tables 1 and 2, respectively. The experiment was conducted under
three scenarios. In the first scenario, the speed was fixed and the flux was changed. In
the second scenario, the flux was fixed, and the speed was changed. In the third scenario,
the load torque was applied to the PMSM. The performance of the PMSM under these
scenarios is presented.

5.1. Case 1: Speed Change

In this experiment, the reference flux was fixed as 0.5 Wb, and the reference speed was
changed stepwise. The reference speed changed from 0 rpm to 300 RPM at t = 2.28 s. Then,
it was changed to be 500 RPM at t = 9.75 s. The performance is presented in Figure 8. The
speed controller tracked the reference speed correctly. However, changing the speed has no
effect on the flux since they are controlled separately.

Figure 9 presents an expanded view of the motor during the steady state at constant
reference speed and constant reference flux. The waveform of the current abc, the oscillatory
steady-state error over the long run for the speed and the flux, and torque ripple that
occurred for the PMSM can be observed from this figure.

The transient performance of the motor during the speed change from 300 rpm to
500 rpm at t = 9.75 s is shown in Figure 10.
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Figure 10. The transient PMSM performance at speed change.

5.2. Case 2: Flux Change

In this experiment, the reference speed of the PMSM was fixed as 500 rpm, and the
reference flux was changed stepwise from 0 Wb to 0.75 Wb at t = 5.1 s and then to 1.5 Wb
att = 10.9 s. The hardware results are presented in Figure 11.

Because the speed and the flux are decoupled from each other, changing the flux has
no effect on the motor speed, so the speed controller is able to maintain the motor speed
as its reference value. In addition, the flux controller tracked the motor flux with some
oscillation and controlled the d-axis reverence current. Based on the relationship between
the flux and the d-axis reverence current, as shown in Equation (3), changing the flux will
mainly affect i;.

5.3. Case 3: Load Change

In this experiment, the reference flux and speed were fixed at 0.5 Wb and 500 RPM.
The load was changed to be 0.2 N.m at t = 13 s. The experimental results are shown in
Figure 12. The results prove that increasing the load torque on the motor does not affect
either the speed or the flux controller behaviour.

The speed controller is still able to track the reference speed, and the flux controller is
still able to track the reference flux as well without any changes. However, the oscillation
of the motor torque response is increased. Hence, i; and T, are related; therefore, they have
a similar response with different gains.
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Figure 12. The PMSM performance at load change.
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5.4. Limitations of This Study and the Shortcomings of the Proposed Method

The limitations of this study are in performing the hardware experiments in the flowing
points. The sensor error and noise of the measurements created a large ripple in speed
measurements and the flux and torque calculations as well. In the experiment, the load
was a DC generator. This DC generator torque was controlled using the dSPACE DS1104
through an inverter. In performing the load change hardware experiment in Figure 12,
the initial load was 0.1 N.m, then at time 10.5 s, the torque command was changed to 0.2
N.m. The torque controller needs time to reach its desired value. So, the three seconds
load change existed because the controller needs time. The load is electrical and cannot be
applied as input in the hardware. However, in the simulation, it is easy to add this change
as a step input. Finally, the current control in performing the hardware experiments was
limited to be between (—5 A, 5 A).

6. Conclusions

In this paper, a FOC scheme for a three-phase PMSM drive based on a decoupled flux
and speed controller using the PR controller is presented. The FOC scheme allows the
torque and the flux of the PMSM to be controlled separately. Furthermore, the design of
the PR controller is included and proposed for the inner current loop. However, dg0 to «50
transformation is required to apply the PR control method.The proposed control method
does not require torque and flux estimators, and no PLL is used, which reduces the overall
complexity of the control system.

The simulation and hardware results show that the PMSM drive with the proposed
control scheme has the merits of a simple control structure, robustness, fast motor response,
and good performance. The performance of the PMSM was presented in three scenarios:
flux change, speed change, and load torque change. As a result, both the flux and the speed
of the PMSM were controlled separately under these scenarios.

Future work using a decoupled speed and flux controller based on the PR control
method could be used and tested under open-circuit fault (OCF) conditions. The perfor-
mance of the PMSM under the OCF based on the proposed control method could be tested
under three case studies: flux change, speed change, and load change.In addition, a fault
tolerance and fault detection methods can be applied under the same scenarios.
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supervision, R M.N. All authors have read and agreed to the published version of the manuscript.
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Nomenclature

The following Nomenclature are used in this manuscript:

Rs ~ PMSM phase resistance
i;pc  Motor currents phases a, b, ¢

13 motor current d-axis component
ig motor current g-axis component
ke voltage constant of PMSM

k; integral component gain

kp  proportional component gain

ky resonant component gain

k¢ torque constant
L;  PMSM d-axis inductance
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L;  PMSM g-axis inductance

p number of pole pairs
T,  the electromagnetic torque
t time

Vsd  The stator voltage of PMSM in d-axis
Vsq  The stator voltage of PMSM in g-axis
¥y,  permanent magnetic flux linkage

sy flux linkage of the stator in d-axis

Psg  flux linkage of the stator in g-axis

0, rotor angle position

w the fundamental angular frequency
wy electrical rotor speed

wy  the natural frequency

¢ the damping ratio
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