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Digital Twin Modeling Method of Three-Phase
Inverter-Driven PMSM Systems for
Parameter Estimation

Wensheng Song
and Sihui Zhang

Abstract—This article proposes a digital twin modeling method
of a three-phase inverter-driven permanent magnet synchronous
motor (PMSM) for system parameter estimation offline, which
does not require any signal injection or additional sensor and
measuring equipment, resulting in a noninvasive approach for the
digital modeling and parameter estimation of three-phase PMSM.
In the proposed method, a digital twin model that includes the
inverter-driven PMSM power stage and the close-loop controller
is established in a first step. The key parameters of the PMSM
(e.g., stator resistance, stator inductance, and flux linkage) are then
obtained with a chaotic particle swarm optimization algorithm
by comparing the output data of the digital twin model and the
actual physical circuit. To verify the correctness of the proposed
digital twin model, a series of experimental studies at different
operating conditions are performed. In addition, the effectiveness
of the parameter estimation based on the digital twin model has
been confirmed, and the accuracy of the estimated parameters is
acceptable.

Index Terms—Chaos particle swarm optimization (PSO), digital
twin, parameter estimation, permanent magnet synchronous motor
(PMSM), three-phase inverter.

I. INTRODUCTION

HE permanent magnet synchronous motor (PMSM) has

found broad application in numerous fields owing to its
high power density, exceptional efficiency, and excellent con-
trollability, such as rail traction transportation [1] and electric
vehicles [2]. The parameters of PMSMs are highly significant in
motor control and condition monitoring [3], [4]. However, motor
manufacturers usually do not disclose critical motor parameters
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such as stator resistance, inductance, and flux linkage. Addi-
tionally, the motor parameters vary depending on the operating
conditions [5], [6]. Therefore, it is necessary to adopt appropri-
ate parameter estimation methods to obtain the parameters of
PMSMs.

Several parameter estimation methods have already been
proposed. In the past, machine parameters were typically ob-
tained using measurement instruments. Da et al. [7] proposed
an approach to health monitoring and multifault detection in
permanent magnet synchronous machines using direct flux mea-
surement with search coils. Wang et al. [8] utilized a frequency
analyzer to analyze the standstill frequency response of the
PMSM and obtain the parameters. The main parameters of a
permanent magnet motor, such as torque constant and d-axis
and g-axis inductance Ly and L, can be obtained by measuring
the machine torque during testing [9]. However, these methods
relying on measurement tools are subject to the precision of the
equipment and can significantly increase costs.

Therefore, it is necessary to use methods that can estimate
the required parameters using signals that can be measured by
existing sensors. Algorithms such as recursive least-squares
(RLS) [10], [11], extended Kalman filter (EKF) [12], [13],
and model reference adaptive system [14], [15] are applied to
parameter estimation. Liu et al. [10] employ the RLS method
to estimate stator resistance and d-g axis inductances, but
the flux linkage is assumed constant. In [12], the EKF was
used to estimate the stator resistance and flux linkage. The
MARS method proposed in [14] and [15] cannot estimate
multiparameters simultaneously. The MARS method requires
nominal values of the parameters to estimate their actual values,
but these nominal values are usually unknown and vary with
operating conditions. It can be seen that the methods mentioned
above are only able to obtain part of the parameters. Therefore,
in [16], high-frequency voltage injection was used to obtain the
high-frequency characteristics and increase the state equation,
enabling multiparameter estimation. In [17], the parameters of
the PMSM are identified by injecting a square wave current on
the d-axis. First, the resistance and flux linkage are identified,
followed by the estimation of the d,g-axis inductances. It can be
seen that using signal injection is an effective method to achieve
parameter estimation. However, additional injected signals
may not only cause fluctuations in current and speed, affecting
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control performance [18], but also cause parameter variations
[19]. Moreover, researchers are interested in observer-based
methods due to their simplicity to implement, such as
adaptive observers (AOs), sliding-mode observers (SMOs), and
disturbance observers [20], [21], [22], [23], [24]. In [20], an
AO was designed for estimating the stator resistance and stator
inductance of PMSMs. And the mechanical parameters are
estimated by the SMO [22]. However, observer-based methods
are not stable enough and are easily influenced by operating
conditions.

Additionally, artificial intelligence is a solution for parameter
estimation [25], [26], [27]. In [25], artificial neural networks
(ANNSs) such as feedforward and recurrent networks are used
to estimate the parameters of induction motor. And a method
combining Elman neural network and modified EKF was used
to identify the stator resistance and stator flux of PMSMs [26].
Moreover, a physics-informed neural network that integrates
physical models into data-driven pipelines is used for parameter
estimation in de—dc Buck converters [27]. The physical knowl-
edge of the Buck converter is seamlessly integrated into the
training of a deep neural network. However, ANNs require a
large amount of offline training data, which is difficult to obtain
in practice [28].

Digital twin is a virtual replica that corresponds to a real-
world system and can simulate system behavior for monitoring,
prediction, and optimization of system operation status, perfor-
mance, and health [29]. Recently, digital twin has been applied
to various fields, but there are few literatures in the field of
power electronics. In [30] and [31], fault diagnosis of the power
converters method is proposed, which is achieved by comparing
the outputs of the digital twin with those of the physical twin.
And in [32] and [33], a digital twin-based parameter estimation
method is applied in Buck converters. Wu et al. [34] and Shi
et al. [35] show digital twin models of single-phase and three-
phase inverters, respectively, but they are used for resistive and
inductive loads without motors. [36], [37], and [38] show the
digital twin model of PMSMs, however the entire closed-loop
system, such as the control system and the inverter, is not
involved.

In this article, a digital twin model of a three-phase inverter-
driven PMSM is established. Based on this digital twin model,
a parameter estimation method for PMSM is proposed. The rest
of this article is organized as follows. Section II primarily de-
scribes the composition and operation of the closed-loop system
and models the three-phase inverter and PMSM. Section III
introduces intelligent optimization algorithms to optimize the
model and obtain the parameters of PMSM. In Section IV, an
experimental prototype of a three-phase inverter-driven PMSM
is developed to verify the correctness of the proposed digital twin
model and the parameter estimation method. Finally, Section V
concludes the article.

The main contributions of this article are summarized as
follows.

1) By utilizing existing control signal data, a digital twin
model of the three-phase PMSM by a three-phase two-
level inverter is established, which can be used to obtain
the operating state of the actual physical system.
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Fig. 1. Topology of three-phase two-level inverter-driven PMSM systems.

2) The key parameters of PMSM are obtained under differ-
ent operating conditions, which provide possibilities for
achieving high-performance control and condition moni-
toring of PMSM.

3) The proposed method is nonintrusive without injecting
additional signals or extra sensors and equipment.

II. DIGITAL MODEL OF THREE-PHASE INVERTER AND PMSM
A. Modeling of Three-Phase Inverter-Driven PMSM System

The topology of a three-phase two-level inverter drive PMSM
is shown in Fig. 1, where T;—Ts are power switches; U, is the
dc-link voltage.

Therefore, the three-phase inverter output phase voltage is
represented by

Uan = 2 (S1A1 4 S2A2) — 1 (S3B1 + S4Ba)
—% (S5C1 + S6C2)

Ubn = ~3 (5141 + S2A2) + 2 (S3B1 + S4Bs3) )

~3 (8501 + S6C2)

g (S1A1 + SQAQ) — % (5331 + 5432)

+5 (S5C1 + S6C2)

where Uy, Uy, and U, are phase voltages; S; are signals of
switches (1 represents on-state, 0 represents off-state, where i =
1,2,3,4,5,6), and two switches on the same bridge arm cannot
be on at the same time (S1+S2= 0, S34+S4= 0, S5+Sg=0); A1,
Ag, By, Ba, Cq, Cy are represented by

Uge ; Uge
A = 5 La,sign T SC La,sign
Ude; . Udc; .
A = — 5 Ya,sign — 5 Ya,sign
U
Bl = Zb ,sign + Zb ,sign
U @)
By = —=g=qy, ,sign — e Zb ,sign
_ Ugc
Cl - "o Zz: ,sign + Zc mgn
— _Ua U de
Cy=— éclc,sign - 5 Zc,sign

where iy, g, are the direction of phase currents (1 represents the
phase current direction shown in Fig. 1, and 0 is the opposite,
where k = a, b, ¢), and iy, sign+ i sign= 0.

In addition, the model of PMSM under the dg-axis is

di (7 R . L -
dig 1 Lg 1 .
i U q — We [qld We lqwf
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where Uy 4 are dg-axis voltages; ig 4 are dg-axis currents; w. is
electrical angular speed; L , are stator inductances (Lg = L,); R
is stator resistance; 1)y refers to the flux linkage. The quantities
in the d-q coordinate can be obtained by the a-b-c coordinate
with the rotor position angle, which can be described as

d| | cosf.
q|  |—siné,
where 6., is the rotor position angle.

In this article, the linearization of differential equations using
the fourth-order Runge-Kutta method, (3) is rewritten as follows:

sin 6, 3(a_7b_7)
cosﬁe] % (%bf % ) “)

% (Kal + 2Ka2 + 2Ka3 + Ka4)
B (Ky1 + 2Ky + 2Ky3 + Kpa)

7f.d,'rLJrl = Z'd,n +
Q)]

lgnt1 = lgn +

where ig 41, ig,n+1, and iq p, i are the currents at (n+1)th
step and (n)th step respectively; & is the calculation step from
(n)th step to (n + 1)th step, which is set to le-7s in this article;
Ko1-Ko; and Ky 4-Ky, are the coefficients, which are shown as
follows:

Kq1 = fl (id,naiqm)
Ky = fa(ian.ign)
Koo = fi1 (ian + Kahzq 2.0
Kyy = fa (iamn + LKt ign + *Kbl)
K. = f (Zd, + Ka27lq,n + sz)
Ky = f2 (ian + 2Ka2,ign + 2 Kys)

a4 = fl (Zdn + hKag,an + thg)
Ky = f2 (Zd,n + hKa?,,Z%n + thg)

Substitute (3) into (6), and (6) into (5), then the model can be
described as

|:id,n+1:| _ { J1(La,Lg, R, S16) ; 7
g+l fo (L, Ly, R, %y, Sine) wq’"
en

(©)

Z.d,n

where Lg, Lg, R, and 1) are unknown parameters; S;_¢ are the
signals of switches. Therefore, the dg-axis currents at the (n
+ 1)th step can be obtained by dg-axis currents and electrical
angular speed at the (n)th step. Then, the currents in the a-b-c
coordinate can be calculated by the inverse transformation of (4)
and shown as

bl — d| |cosf.
~ |q| |siné,

C

1 0
—1/2 V3/2|. (®8)
—1/2 V3/2

S

—sin 96]

cos 0,

B. Close-Loop Controller

The three-phase two-level inverter has eight switching states,
which correspond to eight voltage vectors. Six of them are ef-
fective voltage vectors (u;-ug) and two are zero vectors (ug,u7),
as shown in Fig. 2.

In this article, the model predictive current control (MPCC)
strategy is used to control the motor due to its simple imple-
mentation and good dynamic performance. The control block
diagram is shown in Fig. 3.
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us(010) ux(110)

u,(011) u;(100)

us(001) uy(101)

Fig. 2. Space voltage vectors of a three-phase two-level inverter.
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Fig. 3. Block diagram of the MPCC scheme.

initialize particles
(velocity, position, etc.)
¥

calculate the fitness of
each particle f,;

find Gjey and Py

update the velocity and
position of particles

| add chaos optimization |

Fig. 4. Executing procedure of the adopted CPSO algorithm.

PI controller is adopted for the outer loop of rotational speed
and MPCC method is adopted for the inner loop of current. The
g-axis current command value is obtained from the difference
between the actual speed and the given speed by the output of the
PI controller and the d-axis current command value is generally
set to zero, which is shown as

Werr,k+1 = Wref — We, k+1

i;,k-&-l = Z':;,k + Kp (werr,/c-i-l - Werr,k) + KITwerr,k—i-l

Ta g1 =0
©)
where k + 1 and k represent the next moment and the current
moment, respectively; T is the control period; w,.f is the refer-
ence of the rotor speed; we,, is the error between the rotor speed
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Fig. 5. Process of the digital twin-based parameter estimation of PMSM.

and its reference; K, and K are the parameters of PI; ¢; are
the dg-axis command currents.

According to (3), the predictive currents at the next step are
obtained by using the forward Euler discretization equation as

R A
o | R R
(10)

Magnetic
_powder

Fig. 6.  Photograph of an experimental prototype.
And then, the corresponding predicted current values of
different voltage vectors are obtained by (10) and substituting TABLE
them into the cost function (11) to find the optimal voltage vector PARAMETERS OF PMSM
corresponding to the switching sequence acting on the inverter

) ) Parameter Symbol Value

= (15 —1 + (5 —1,)". 11 de-link voltage Ude 250V

g ( d d) ( g q) an Stator resistance R 0.71Q

.. . d-axis inductance La 6.24 mH
In addition, the calculatlon' delay need§ to be comper.lsated g-axis inductance L, 624 mH
because the process of sampling, processing and execution of Flux linkage wr 0.420 Wb

: : . : Pole pairs np 4
the signal in the ggtual system will consume a certain amount of Switching frequency f 10 kHz
time. However, it is not the focus of this article. Sampling frequency 1 50 kHz
III. APPLICATION OF DIGITAL TWIN IN PARAMETER R d4(500/mli
ESTIMATION O/tor speetl(00r/min)

The accuracy of the digital twin model depends on the model
parameters. The intelligent algorithm continuously iterates on 4% ¢ I4250r/'“i“)/¢ iv
the parameters to correct them so that the digital twin gets closer ' ; bl
and closer to the physical circuit and finally finds the internal
model parameters of the circuit.

Particle swarm optimization (PSO) is a heuristic optimization
algorithm with simple implementation and good generality,
which is suitable for searching for the optimal parameters of Fig. 7. Wavefor.ms of three-phase currents and rotor speed under 1 N-m load
digital twin PMSM. But PSO is prone to fall into local optimum. torque at 300 r/min.
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Fig. 8. Waveforms of three-phase currents and rotor speed under 9 N-m load torque. (a) 300 r/min. (b) 500 r/min. (c) 700 r/min.
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Fig. 9. Waveforms comparison of three-phase currents at 500 r/min under 1 N-m load torque. (a) A phase current. (b) B phase current. (c) C phase current.
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Fig. 10.  Waveforms comparison of three-phase currents at 300 r/min under 9 N-m load torque. (a) A phase current. (b) B phase current. (c) C phase current.

To reduce the probability of falling into a local optimum, a CPSO
algorithm based on the LOGISTIC equation is proposed.

To implement CPSO, the first step is to construct the objective
function, the objective function is as follows:

N

> j=1

(ianuj'—iaJ)Q-%(ibnuj-iMJ)z-F(icnuj-—iaj)Q}

N

f obj =
(12)
where i,, iy, i are the calculated phase currents from the digital
twin PMSM; @4, [pm. Lem are the measured data from the
physical PMSM; N is the sample size of the measured data.
The PMSM parameters are obtained by minimizing f,,; with
CPSO [39].
Fig. 4 shows the executing procedure of the adopted CPSO
algorithm. The basic characteristics of a particle are its position
and velocity, which can be updated by the following equations:

Vij = Wi—1Vi-1,j + c171,i-1,5 (Poest — Pi—1,5)
+corai1,j (Gpest — Pic1,5)
=Pi1j +vij

(13)
P ;

where i is the number of iterations, j is the number of particles,
v;,5 s the moving velocity of the (j)th particle in (i)th iteration;
P; ; is the position of the (j)th particle in (7)th iteration; Gpest

TABLE I
PARAMETERS ESTIMATION RESULTS

Number R(QY) Li,(mH) w(Wb)
1 0.7572 6.451 0.4095
2 0.7801 6.365 0.4082
3 0.787 6.531 0.4091
4 0.7643 6.644 0.4098
5 0.7711 6.326 0.4088
Average 0.7719 6.463 0.40908
Nominal 0.71 6.24 0.421
error 8.72% 3.57% 2.8%

and Pt represent the global best particle and the personal best
particle respectively; w, r1, 2, c1, and ¢ are the parameters.
At first, initialization of all particles, including velocity and
position, etc. The fitness of each particle is calculated by (12) and
the Gpest and Ppegq are found. Then, the velocity and position of
the particles are updated in (13), and the fitness of the updated
particles is calculated and the newest Gpest and Pt are found.
And performing chaos optimization when a certain iteration is
satisfied. The basic idea is: using the randomness, regularity, and
ergodicity characteristics of chaos theory, the optimal solution
found in the whole swarm is used as the initial value to generate
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Fig. 11.  Waveforms comparison of three-phase currents at 500 r/min under 9 N-m load torque. (a) A phase current. (b) B phase current. (¢) C phase current.
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Fig. 12. Waveforms comparison of three-phase currents at 700 r/min under 9 N-m load torque. (a) A phase current. (b) B phase current. (c) C phase current.
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Fig. 13.  Waveforms of three-phase currents and rotor speed when the rotor
speed varies under 9 N-m load torque. (a) 400-500 r/min. (b) 500-400 r/min.

TABLE III

DIFFERENT OPERATING CONDITIONS

Number of Rotor speed Load torque
case (r/min) (N.m)
1 300 9
2 500 9
3 700 9
4 500 1
5 400—500 9
6 500—400 9
7 500 1—9
8 500 9—1

output torque(YN.m1)

m) \

ms N
° ZAP@’ \.(/ [h [L-
(@)

output torque(ONr

ny
output torque(1N.m)

ESTTPAV TR

(b)

Fig. 14.  Waveforms of three-phase currents and output torque when the load
torque varies at 500 r/min rotor speed. (a) 1-9 N-m. (b) 9-1 N-m.

TABLE IV
PARAMETERS ESTIMATION RESULTS

case R(Q) Lag(mH) w(Wb)
1 0.7548 6.582 0.411
2 0.7719 6.4634 0.4091
3 0.7781 6.602 0.4083

a chaotic sequence, while the particle with the optimal value
in the chaotic sequence is interchanged with the particle in the

current particle swarm.
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Fig. 15.
(b) B phase current. (c) C phase current.

First, the position of the Gy particle is converted to the (0,1)
interval by the following formula:

Gb‘t —a
= =7 T or=12...

) 3

(14)

Zx
bm — Qg

where x is the dimension of particles (number of parameters). b,
and a, are the upper and lower bounds of particles, respectively.
Then, the chaotic sequence is obtained by LOGISTIC equa-
tion, which is shown as
Rry+l = :U/(l - Zr,y)zz,yv y=12... (15)
where z,, represents the (x)th chaotic variable of the (y)th
iteration; n is the number of chaotic sequences; 4 is the control
parameter usually taken as 4, and the whole system is in a
completely chaotic state.

The chaotic sequence is returned to the particles in the original
solution space:

P, = z,(b—a)+a. (16)

The fitness is calculated in (12) again, and repeating the above
process until the stopping criterion is met.

The process of the digital twin-based parameter estimation is
shown in Fig. 5, which is implemented offline. The calculation
of digital twin model and the realization of CPSO algorithm are
all carried out on MATLAB platform. First, collect short-term
experimental data (i, i, ic, We, 6) of actual physical circuits
and import them into MATLAB workspace. Second, input the
sampling values of the actual physical circuit data and circuit pa-
rameters (unknown parameters: Ry, Lq 4, %r) into the closed-loop
system’s digital twin model as the initial values, and the external
characteristic data (i,, i, i) can be obtained from the digital twin
model. Finally, the circuit parameters are continuously iterated
and optimized through using the CPSO algorithm. When the
objective function is smaller than the predefined threshold, the
final digital twin model and the actual circuit parameters can be
obtained.

With the CPSO algorithm as a bridge, the physical counterpart
and the digital twin are connected, and the internal parameters
of the physical PMSM are obtained by iteratively modifying the
digital twin.

Waveforms comparison of three-phase currents when the rotor speed varies from 400 to 500 r/min under 9 N-m load torque. (a) A phase current.

IV. EXPERIMENTAL VERIFICATION
A. Experimental Platform

To verify the proposed digital twin method for parameter
estimation, an experimental prototype of a three-phase two-level
inverter-driven PMSM is built, as shown in Fig. 6. In this
platform, the control methods are programmed and implemented
in TI DSP TMS320F28335. The LAS55-P current sensors pro-
duced by LEM company are used in the experimental platform.
The RDC chip AD2S1200 produced by Analog Devices Inc.
company is used to detect the rotor position and speed of the
motor. The parameters of PMSM are listed in Table 1.

B. Digital Twin Model Verification

1) Steady-State Performance: Fig. 7 shows the oscilloscope
waveforms of three-phase currents and rotor speed in a steady
state, where the load torque is 1 N-m. And Fig. 8 shows the
oscilloscope waveforms of three-phase currents and rotor speed
under 9 N-m load torque. The speed can meet the given speed
and the three-phase currents are sinusoidal, which indicates that
the motor is operating normally. Figs. 9-12 show the digital
twin phase-current waveforms compared with the actual phase-
current waveforms. It is worth noting that the actual three-phase
current values are obtained by the controller sampling value,
which does not require additional sensors. The time interval is
the same under different operating conditions.

2) Dynamic Performance: The actual operating conditions
are variable and the digital twin model must be the same as
the actual circuit dynamics. Therefore, under the condition of
9 N-m load torque, varying the reference rotor speed from 400
to 500 r/min and varying the reference rotor speed from 500 to
400 r/min, the waveform is shown in Fig. 13. Then, when the
rotor speed is 500 r/min, the load torque is changed from 1 to
9 N-m and from 9 to 1 N-m, as shown in Fig. 14.

Figs. 15-18 show the digital twin phase-current waveforms
compared with the actual phase-current waveforms. It can be
seen that the digital twin model has the same external char-
acteristics as the physical prototype even during the dynamic
process.

Therefore, the digital twin model of three-phase inverter-
driven PMSM systems is accurate enough in external charac-
teristics. It can be used for parameter estimation of PMSMs.
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C. Parameter Estimation of PMSM

The accuracy of the model parameters is an important accu-
racy indicator of the established digital twin model. To further
verify the accuracy of the digital twin model, the parameters
of the PMSM are obtained according to the procedure shown
in Fig. 5. To avoid the influence of temperature variation, the
data are collected immediately after the motor starts. It is worth
noting that before starting the motor next time, the motor and
IGBT are dissipated to ensure that the experimental prototype
runs at the same temperature as far as possible.

Fig. 19 shows the estimation results under steady-state
conditions, where the rotor speed is 500 r/min and the load torque
is 9 N-m. The procedure in Fig. 5 is performed 10 times.

To further verify the accuracy of the method, the motor
prototype is run 5 times and the data are collected. Each set of
data is used for parameter estimation 10 times, and the average
value of parameters is obtained which is shown in Fig. 20 and
Table II. The average error of resistance estimation is 7.8%.
The estimation errors of inductance and flux linkage are 3.57%
and 2.8% respectively. The estimation results are considered as
the average value within 30 ms, and the errors are within the
acceptable range.

D. Different Operating Conditions

In fact, the operating conditions of the motor are diverse, and
its speed and load are different. To further verify the method,
parameter estimation at different speeds and load torques is per-
formed. And Table III shows the different operating conditions
of the prototype.

1) Different Rotor Speeds: As with the steps in Section IV-C,
the parameter estimation results of cases 1-3 are obtained, as

PARAMETERS ESTIMATION RESULTS

Case R(Q) Lq(mH) w(WDb)
2 0.7719 6.4634 0.4091
4 0.7752 6.2860 0.4066

TABLE VI

PARAMETERS ESTIMATION RESULTS

Case R(Q) LifmH)  y(Wb)
5 0.7788 6351 0.409
6 0.7812 6.457 04121
7 0.7754 6312 0.4089
8 0.7651 6.365 0.4095

shown in Fig. 21. The average values of all parameters are listed
in Table I'V.

2) Different Load Torques: The parameter estimation results
of case 2 and case 4 are shown in Fig. 22. The average values of
all parameters are listed in Table V.

For the transient process (case 5-8), 40 ms data in Figs. 13
and 14 are used, and the average values of all parameters are
listed in Table VI.

E. Impact of Other Factors

1) DC-Link Voltage: Fig. 23 shows the results of parameter
estimation under different dc-link voltages.

2) Parameter Mismatch: Motor parameters are needed in
(10) in MPCC control. The control performance will deteriorate
and the current will be worse when the motor parameters used
in the control do not match the actual parameters. In this article,
the inductance parameter of DSP controller is changed to 2.5
times the nominal value, and the inductance parameter of the
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TABLE VII
PARAMETERS ESTIMATION RESULTS

Case R(QY) Li(mH) w(Wb)

R=2Ro, Le=Lo, yr=wp 0.8223 6.652 0.4052
Re=Ro, L=Lo, y=1.6yp 0.7982 6.989 0.4018
R=Ro, Lc=2.5Lo, yr=1.6pp  0.8148 6.721 0.4064
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V. CONCLUSION

In this article, a digital twin model of a three-phase PMSM
driven by a three-phase two-level inverter is established, and
the output characteristics of the proposed digital twin model are
verified under steady state and dynamic conditions, which are
similar to those of the actual physical prototype. Then, on the
basis of the digital twin model, a parameter estimation approach
of the key motor parameters including stator resistance, dg-axis
inductance and flux linkage, is proposed. The feasibility of the
parameter estimation method is verified by experimental tests
under different operating conditions. The salient features of the
proposed digital twin model and parameter estimation method
are shown as follows.

1) A digital twin model of a three-phase two-level inverter-
driven PMSM system is developed, including the motor
model, the main inverter circuit, and the whole closed-loop
control system with the DSP controller.

2) Parameter estimation results are counted and averaged to
reduce the error of the estimation results, the stator resis-
tance error between estimated value and nominal value is
less than 10%, and the errors of dg-axis inductance and
flux linkage are about 5%.

3) Under various operating conditions including different
rotor speeds and load torques, the parameter estimation
method remains effective, and the estimated parameters
are acceptable. And it is not affected by the dc-link voltage
or parameter mismatch.

1
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=
06
g
0.4
0.2
[ 1 2 3 4 5 6
Numble of estimated results
@
® Estimated value L, (without mismatch) ® Estimated value L, (mi )
— Nominal value
T T T T
7+ i
o [] °
T [
£ H . = H
oF
"o 1 5 6

2 3 4
Numble of estimated results

(b)

Fig. 24. Results of parameters estimation with the inductance parameter
mismatch. (a) R and 1. (b) Lg,q.

controller in the digital twin model is also changed to 2.5 times
the nominal value. The parameter estimation results are shown
in Fig. 24.

And the results of parameter estimation when different pa-
rameters mismatches are introduced are shown in Table VII. Ry,
Ly, and 99 are nominal parameters values, and R, L, and 1) s,
are control parameter values.

4)

The proposed method can be implemented only using the

data from the existing sensors without signal injection or
additional sensor.

Therefore, the proposed parameter estimation method of
PMSM based on the digital twin model is effective under
different operating conditions. It is a noninvasive approach for
parameter estimation of PMSMs.
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