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Abstract—For studying power systems with induction machines,
especially in real-time electromagnetic transients (EMT), the
machine models have to be both computationally efficient and
highly accurate. In some instances, in addition to modeling the
fundamental component of flux saturation, it is also necessary to
consider the air-gap flux harmonics. This paper presents a
computationally efficient and easy-to-implement qd0 model of
an induction machine that considers magnetic saturation and
air-gap flux distortion. The accuracy of the new model is
benchmarked against the Simscape Electrical Specialized Power
Systems (SPS) built-in model (which considers only the
fundamental flux saturation) and the recently proposed full-
order qd0 model (which considers both the fundamental and
third harmonic). The new model is shown to have excellent
agreement with the experimental results, while offering
significant computational gains in offline (MATLAB/Simulink)
and real-time (OPAL-RT’s OP5700) simulations, making it
suitable for EMT simulators.

Index Terms—EMT simulation, induction machines, magnetic
saturation, qd0 model.

I. INTRODUCTION

The safety and reliability of power and energy systems, as
well as the planning for integrating new technologies, strongly
rely on the ability to study and analyze a wide range of faults
and operating conditions that may arise in electrical machines.
However, performing numerous realistic test cases for various
operating conditions on real hardware setups is often time-
consuming and costly, while also posing safety challenges.
For that purpose, accurate and computationally efficient
models of electrical machines, particularly induction
machines, are highly desirable. Higher model fidelity provides
greater insight into machine dynamics. Electromagnetic
transient (EMT) simulation programs are key tools for
simulating such models within electrical systems of different
sizes and scales. Particularly, incorporating magnetic
saturation, as one of the most significant effects that induction
machines are subjected to when operating close to or slightly
above their nominal voltages, is highly desirable [1].

Although several methodologies are available for
modeling saturation effects in induction machines, such as
finite element analysis (FEA) [2] and the winding function
methods [3], their accuracy comes at the cost of being
computationally expensive. For the study of multi-machine
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systems and/or real-time motor drives, the conventional
circuit-based qd0 models [4] are computationally efficient and
offer a trade-off between simplicity and accuracy.
Accordingly, these models are often available as built-in
library components in many EMT simulation programs,
including nodal-analysis-based tools (e.g., PSCAD/EMTDC,
EMTP), state-variable-based programs (e.g., MATLAB/
Simulink’s Simscape Electrical toolbox, PLECS), and real-
time simulators (e.g., RTDS’s RSCAD, OPAL-RT’s RT-LAB,
and Typhoon HIL).

To advance fidelity of induction machine models, a wide
range of qd0 models have been proposed, including those that
consider magnetic saturation [1], [4]. In these models, the
saturation is typically represented as a nonlinear relationship
between the magnetizing current and main magnetizing flux
[1]. However, uneven saturation of different regions of the
machine, particularly the higher saturation of the stator teeth
and slot areas on magnetic poles, gives rise to distortions in
the air-gap flux, leading to additional harmonics. This
phenomenon of air-gap flux harmonics has been recently
incorporated into the general-purpose qd0 models [5] and
advanced  voltage-behind-reactance models [6], by
appropriately increasing the model order and complexity.

This paper presents an easy-to-implement low-order qd0
model that considers the main magnetizing flux saturation
fundamental and 3 harmonic components. Compared to [5],
[6], the model order is reduced by neglecting the dynamics of
the 3 harmonic components and replacing them with
algebraic equations. Building upon the work in [7], the model
implementation is further optimized for state-variable-based
EMT simulators, such as MATLAB/Simulink, and real-time
simulators, such as OPAL-RT’s RT-Lab. The advantageous
features of the new model are demonstrated in offline and
real-time studies for single-machine and multi-machine
systems. The comparisons are carried out against the
conventional saturable built-in qd0 model in Simulink’s
Simscape Electrical Specialized Power Systems (SPS) model,
as well as the full-order model proposed in [5]. Specifically,
the low-order induction machine model presented in this paper
is shown to consume less computational resources (i.e. smaller
CPU time per step in offline studies, and smaller CPU
utilization in OP5700 real-time simulator) compared to the
full-order model [5], and even to the SPS model that includes
the fundamental component of the main flux saturation only.



I1. QD-MODEL WITH MAGNETIC SATURATION AND AIR-
GAP FLUX HARMONICS

This paper builds upon the previous work in [5]-[7] and
uses the same notations for consistency. Within the saturation
region, the magnetic flux density and magnetic field strength
follow a nonlinear magnetization relationship. Hence, the
magnetizing flux linkage A, can be written as a nonlinear

function of the magnetizing current i.,, as F(im). Due to

uneven magnetic saturation, including teeth and slots over the
magnetic poles, the air-gap main magnetizing flux also
contains distortions, which are represented by the fundamental
and 3 harmonic, denoted by A, and 45, as shown in Figs.

1(a) and 1(b) [5]. These relationships are expressed as

= Fi(in) and g = Fy(in) - 1)
For a squirrel-cage induction machine, the rotor bars form a
uniformly distributed winding; therefore, the rotor winding
factor for low-order flux linkages is unity. Additionally, due
to the short-pitch coil winding of the stator, the first-order
winding factor k,, and the third-order winding factor Kk,

differ significantly as [5]. Consequently, the third-order flux
linkages in the rotor and stator can be written

1 k
Aors == mg and Apgg == A5 ()
3 3K,y

A. Full-Order Model

For the purpose of modeling, the abc stator and first-order
rotor voltages and currents are transformed into the qdO
synchronous reference frame with the electrical angle 6, , as

illustrated in Fig. 2(a). Meanwhile, another frame rotating
three times faster, qd03, with an electrical angle of 36 is used

to transform the third-order rotor voltages and currents, as
shown in Fig. 2(b). Referring to the coupled-circuit phase-
domain (CCPD) model in [4] and the coordinate systems
shown in Fig. 2, the stator and rotor voltages of a squirrel-cage
induction machine in the qd-synchronous frame are [5]

Vads = lsiqas T Phqds T @shgs » (3)

Vos = Fslos + PAgs s 4

0=rFriggr + Phogr *(o, - o )}»dq, , (5)
0= rriggrs + Phoars +3(w; — o )qurs . (6)

Here, p, @, and o, denote the Heaviside derivative operator

d/dt, the synchronous reference frame angular speed, and the
electrical angular speed of the rotor, respectively. Moreover,
the stator and rotor currents can also be written as

iqus = I-I_sl (}"quS —kquo) ) (7
iqdr = I-I_rl(;“qdr _;“qu ) ' (8)
iqdr3 = Lﬁ'l (;‘qdrS - )"quS) : 9)

The zero-sequence current of the rotor iy does not flow

within the rotor cage and is therefore neglected. However, the
zero-sequence voltage and current of the stator in (4)
contribute to higher-order magnetizing fluxes [4].
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Fig. 1. Experimentally determined magnetizing flux components [5]: (a)
Ami—im .+ (0) Am3 —im . (€) Amp—iz,and (d) Amz—iz .
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Fig. 2. Phasor diagrams of the magnetizing current and flux linkages in: (a)
synchronous qd frame, and (b) qd3 frame.

Substituting (7)—(9) into (3)—(6) results in the full-order qd0
model [5]:

p}"qu = qus -5 Ll_s1 (qus _7“qu )¢ ws"'dqs ’ (10)
pﬂOS =Vos — 15 I—I_sl (/105 _ﬂ*mo) ) (11)
pqur =N I-I_rl (}"qdr _}"qu )1(505 _wr)xdqr , (12)

p}"qdrs =-h I-I_rl (}"qdrs _xqu3)¢3((os — O ))'dqrs ' (13)

ﬂmd ’ qu ’ j'md3v and ﬂquv
corresponding to the first- and third-order magnetizing fluxes
along the d- and g-axes, can be written as

- =Amsin(y) and Ay = Ay c08(7), (14)

gz = Znr3 SiN(3y) and Aygz = A3 €0S(3y) . (15)
Here, the angle y displayed in Fig. 2(a) is written as
y=0,—-6,+7/2, and defines the angle between the

magnetizing current vector and the d-axis (i.e., the angle
between A, and A,q). Moreover, the angle between A4

and A,q43 is three times larger, that is, 3y as shown in Fig.
2(b). In (11), A, oscillates at a frequency three times higher
than the stator electrical frequency. The angle between the
third-order rotor magnetizing flux and the a-axis is 36,,, as
shown in Fig. 2(b), where g, is the angle between the
magnetizing current (or flux linkage) and the a-axis. Based
on this model, the oscillatory flux component that will appear
in the zero-sequence stator circuit A, can be written as

o = Ams3 SiN (36, +3y —37/2) (16)

Following the inclusion of third-order rotor fluxes and
currents into the qd0 model, the final electromagnetic torque
T, is expressed as

According to Fig. 2,

T, = (%][(/Imd igs — Zmaids ) + 3(Amqiars — /1md3iqr3):| , (17)

where P denotes the number of poles.

However, direct use of (1) for implementing the model
results in algebraic loops, making the model formulation
implicit, computationally expensive, and not suitable for real-
time execution without numerical relaxation (a time step
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Fig. 3. Explicit flux correction methods: (a) with two 1-D LUTs and
algebraic calculations, and (b) with four two-input (iqu) one-output 2-D

LUTs for the first- and third-order magnetizing fluxes of the d- and g-axes.

delay). Alternatively, [1] defines an explicit-flux-correction
method in  which intermediate variables, currents
g = LigAgs + Lt Aqr and i, = L gg + i Ay, are introduced
as functions of the state variables (fluxes). Subsequently, the

vector i, = ,[i,

current i,. Thereafter, it becomes possible to express the
magnetizing fluxes 4., and A, in terms of the magnitude of
the intermediate variable (current) i, instead of magnetizing
current i, as shown in Figs. 1(c) and (d). Hence, the

fundamental and third-order magnetizing fluxes of (1) are
expressed as [5]

A = Gzl(iz) and A3 =G5 (iz) . (18)

Based on (18), with the input i, and outputs A, and
Ans » the calculation of fluxes can be implemented explicitly
according to Fig. 3(a) using two one-dimensional (1-D) look-
up tables (LUTS). This explicit implementation also requires
sequentially performing algebraic calculations, referring to

(14) and (15) to obtain Ay, Amg, Amgss @nd Apgs from A,
and A, . Alternatively, to reduce the number of evaluations

of nonlinear trigonometric functions, an equivalent
implementation may be realized using two-input one-output
2-D LUTs, as shown in Fig. 3(b), which offers
straightforward calculation of A4, 4ng, Apgz, and Apgs

+i22d is also aligned with the magnetizing

from input pairs of i,4 and i, . Meanwhile, the calculation
of Ano IS unchanged from that in Fig. 3(a), as it is an
oscillatory term.

B. Low-Order Model

Carrying extra state equations (13) is computationally
expensive. Assuming the third-order rotor flux linkages 43

and Ay, are significantly smaller than fundamental

component linkages (see Fig. 1), their transients can be
neglected. Thus, setting the derivatives pAq; and pAy; to

zero [7], resulting in algebraic constraints as
0= - _r:L ()"qdra‘ _)"qu3>$ 3(605 -y )}"dqr3 | (19)

which has an algebraic solution for A5 and A3 as
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) _ (rr/LIr )2 ﬂ“mq3 +3(rr/|-|r)(a)s _wr)ﬂ'md3 (20)
s (r,/L,,)2+9(a)s—co,)2 ’

(rr/Llr )2 Amds _3(rr/|-lr)(ws _wr)ﬂmqs

(/L ) +9(o -, )
This approximation reduces the model order from seven to
five and improves computational efficiency. Fig. 4 displays a
block diagram of the proposed model implementation.

I11. MODEL PERFORMANCE

To evaluate the proposed model and benchmark it against
alternative models, a Y-connected, grounded-neutral induction
motor is considered supplied from an AC grid. The connection
of the neutral point enables the monitoring of the zero-
sequence current, and it may sometimes be used for
protection. In the considered studies, full-order [5], proposed
low-order, and SPS models were first analyzed offline in
MATLAB/Simulink. Moreover, steady-state measurements
from a 230 V, 0.25 hp squirrel-cage induction machine, as
shown in Fig. 5, are obtained to verify the proposed model
experimentally. The data corresponding to the induction
machine shown in Fig. 5 are given in the Appendix.

. (21)

A. Time-Domain Verification

Fig. 6 shows the phase voltages and currents under 1.0 pu
and 1.4 pu input voltages, respectively, for the SPS built-in
model and the proposed low-order model, considering only
the fundamental flux component saturation. As seen in Fig. 6,
both models exhibit similar behaviour.

Fig. 7 displays the results of the SPS built-in model
(considering only the fundamental component flux saturation);
and the full-order model [5] and the proposed low-order
model that includes the fundamental and 3 harmonic
saturation, under 1.0 pu and 1.4 pu input voltages,
respectively. As seen in Fig. 7(b), under a 1.0 pu grid voltage,
the emergence of air-gap flux distortion propagates to the
phase currents of the induction machine, and becomes even
more pronounced with an increased input voltage to 1.4 pu. In
this case, both the full-order and low-order models offer high
fidelity in capturing the third-order distortions in current. At
the same time, the SPS model is unable to predict this effect as
it only accounts for the fundamental component of the main
magnetizing flux.

To further verify the proposed methodology, the
experimental hardware measurements under steady-state
conditions with 1.0 pu and 1.4 pu input voltages are also
included in Fig. 8. These results are also compared to the
simulated waveforms produced by the full-order [5] and
proposed low-order models when supplied with the recorded
grid voltages (reproduced in the simulation for input
consistency). As can be seen from the currents in Fig. 8, the
models that include the fundamental and 3™ harmonic flux
saturation are in excellent agreement with the measurements.

B. Computational Efficiency

To benchmark the proposed low-order model against the
full-order model [5] and the built-in SPS model, all models



Fig. 5. Test bench for experimental measurements, including (1) measurement
box, (2) DC load machine, (3) test induction machine, (4) data acquisition and
recording system, and (5) three-phase power supply [5].

were analyzed using the fixed-step ode3 solver. The fixed step
sizes were set to 5 us, 50 ps, and 500 ps to identify which
models maintain validity at larger step sizes. This enabled the
measurement of runtime and CPU utilization for each model
in both offline and real-time analyses. In addition to analyzing
each model individually, multi-machine configurations were
examined to assess scalability, thereby supporting the
objective of proposing a low-order model suitable for large-
scale systems. All offline studies were conducted on a PC with
an Intel Core i7-14700 CPU at 2.10 GHz. For real-time
simulations, both  single-machine and multi-machine
configurations were run on an OPAL-RT OP5700 simulator
with an Intel® Xeon® E5 CPU (2 cores, 3.2 GHz, 20 MB
cache, 8 GB memory), as shown in Fig. 9. RT-LAB is the
software that converts MATLAB/Simulink models into real-
time executable code and distributes the processing tasks
across the available CPU cores for execution on the OPAL-RT
hardware. In Table I, the CPU times from offline
MATLAB/Simulink studies and the CPU utilization
percentages in real-time on the OPAL-RT are shown for all
models under different machine-number configurations, with
time steps ranging from 5 ps to 500 us. Moreover, Table 11
shows the maximum number of machine models that can be
run in real time on the OPAL-RT for each model at time steps
of 5 ps and 50 ps, without encountering overruns/overflow.

1) Offline Computer Studies

According to Table I, the proposed low-order model in
single-machine studies with a 5-us time step is approximately
23% and 30% faster than the full-order and SPS models,
respectively. Moreover, for large-scale multi-machine studies,
the proposed model achieves 33% and 63% runtime reduction
for a 4-machine system at 5 ps. This benefit becomes more
significant for a 60-machine system, for which the proposed
model is approximately 1.6 and 2.2 times more efficient
computationally than the full-order and SPS models,
respectively.
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2) Real-Time Simulator Studies

For single-machine real-time simulations at a 5-ps time
step, the proposed low-order model achieves 22% and 26%
lower CPU utilization compared to the full-order and SPS
models, respectively. For the multi-machine configurations,
the proposed low-order model enables real-time simulation of
four induction machines, yielding a CPU utilization of 53.85%
at a 5-us time step. In contrast, the maximum feasible number
of machines for the full-order and SPS models under the same
conditions is three and two, with CPU utilization of 59.64%
and 43.64%, respectively (see Table 1I). Moreover, the
proposed model allows large-scale real-time studies, providing
the capability to simulate 65 machines at a 50-us time step
with a CPU utilization of 92.25%. This number is smaller for
the full-order and SPS models, which can simulate at most 50
and 45 machines, with CPU utilization of 93.65% and 95.2%,
respectively. Thus, at a 50-us time step, the proposed model
enables the simulation of approximately 30% and 44% more
machines than the full-order and SPS models, respectively. A
similar advantage holds for small time steps, such as 5 ps,
where the proposed model enables the study of approximately
1.3 to 2 times more machines, respectively, in real-time. Note
that all the CPU utilization and maximum feasible machine
numbers in Tables | and Il did not result in any overruns or
overflow in the real-time simulator. However, increasing the
number of machines above the specified figures in Tables |
and Il resulted in overruns/overflow calculations leading to a
loss of real-time synchronization at some time steps.

IV. CONCLUSION

Incorporating the air-gap flux distortions into the induction
machine saturation increases the model fidelity and produces
results that are closer to the experimental measurements of the
machine under saturation. Most widely available qd0 models,
such as the SPS built-in model, only consider fundamental
component flux saturation and therefore are unable to
reproduce accurate results of current distortion due to the
saturation phenomenon. The alternative models that consider
the 3@ harmonic flux saturation are generally more
complicated to implement and costly to simulate. This paper
presented an easy-to-implement and computationally efficient
induction machine model that captures the saturation of both
the fundamental and 3™ harmonics of the magnetizing flux.
According to the presented offline and real-time simulations,
the proposed low-order model offers significant computational
advantages for single-machine and multi-machine studies,
making it a potentially suitable choice for large-scale EMT
studies involving numerous induction machines.
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Fig. 6. Steady-state stator voltages and currents for the low-order qd model (yellow dashed line) and the SPS model (red solid line) at grid voltages of (a) 1.0 pu
and (b) 1.4 pu, without integration of third-order air-gap flux.
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Fig. 7. Steady-state stator voltages and currents for the full-order model (blue dashed line), low-order model (yellow dashed line), and SPS model (red solid line)
at grid RMS voltages of (a) 1.0 pu and (b) 1.4 pu, with integration of third-order air-gap flux
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Fig. 8. Steady-state stator voltages and currents for the full-order model (blue dashed line), low-order model (yellow dashed line), and hardware measurements
(purple solid line) at grid RMS voltages of (a) 1.0 pu and (b) 1.4 pu. The experimentally recorded grid voltages were saved and injected into the simulations.
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T | TABLE Il. MAXIMUM FEASIBLE MACHINE NUMBERS AND CPU
\ Execution OCCUPANCIES IN REAL-TIME MULTI-MACHINE CONFIGURATIONS
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Visualization E : At=5ps
I o — Low-order 4 53.85
Fig. 9. Model execution on the OPAL-RT OP5700 real-time simulator using F“';;’;de' g ig'gj
Simulink/RT-LAB software. -
At =50 ps
TABLE I. CPU TIMES AND CPU OCCUPANCY PERCENTAGES OF THE II_ZO\I/\I/-orrgerr gg gggg
SUBJECT MODELS FOR OFFLINE AND REAL-TIME ANALYSES ul-orde -
SPS 45 95.2
Offline CPU Time (s)
Models Numbers | At=5ps | At=50ps | At=500 ps REFERENCES
Low-order 19.32 1.61 0.20 [1] F. Therrien, L. Wang, J. Jatskevich, and O. Wasynczuk, “Efficient
Full-order 1 23.80 2.23 0.25 explicit representation of AC machines main flux saturation in state-

SPS 25.01 253 N/V variable-based transient simulation packages,” IEEE Trans. Energy
Low-order 64.06 580 0.64 Conv., vol. 28, no. 2, pp. 380-393, Jun. 2013.

Full-order 4 85.33 8.41 0.93 [2] L. A. Pereira, C. C. Scharlau, L. F. A. Pereira, and S. Haffner,

SPS 104.2 10.75 N/V “Influence of saturation on the air-gap induction waveform of five-
Low-order 1863.45 181.84 17.78 phase induction machines,” IEEE Trans. Energy Conv., vol. 27, no. 1,
Full-order 60 290134 | 296.88 28.31 pp. 29-41, Mar. 2012.

SPS 4065.37 417.73 N/V [3] S. Nandi, “A detailed model of induction machines with saturation

Real-Time CPU Occupancy (%) extendable for fault analysis,” IEEE Trans. Ind. Appl., vol. 40, no. 5,
Low-order 21.79 2.49 0.26 pp. 1302-1309, Sep. 2004.
Full-order 1 26.58 2.90 0.30 [4] X. Tu, L.-A. Dessaint, R. Champagne, and K. Al-Haddad, “Transient

SPS 27.53 3.01 N/V* modeling of squirrel-cage induction machine considering air-gap flux
Low-order 53.85 8.32 0.84 saturation harmonics,” IEEE Trans. Ind. Electron., vol. 55, no. 7, pp.
Full-order 4 o/L** 10.92 112 2798-2809, Jul. 2008.

SPS o/L 11.21 N/V [5] N. Amiri, S. Ebrahimi, and J. Jatskevich, “Induction machine modeling
Low-order o/L 76.27 10.75 considering magnetizing flux saturation with air-gap harmonics,” IEEE
Full-order 60 o/L o/L 11.24 Trans. Energy Conv., vol. 36, no. 4, pp. 3376-3386, Dec. 2021.

SPS O/L O/L N/V [6] N. Amiri, S. Ebrahimi, and J. Jatskevich, “Saturable Voltage-Behind-

*N/V denotes that the SPS model results are not valid at a 500-ps time step. Reactance Models of Induction Machines Including Air-Gap Flux

**Q/L denotes an overload condition of the CPU in the real-time simulator. Harmonics,” IEEE Trans. Energy Conv., Vol. 38, Iss. 3, pp. 2022 —
2033, Sep. 2023.

APPENDIX [71 M. KhajueeZadeh et al., “Low-Order Induction Machine Model with

) Saturation and Air-Gap Flux Harmonics,” 2025 The 10th International

Induction Motor Parameters: Conference on Power and Renewable Energy (ICPRE), Shanghai,

China, Sep. 2025, pp. 1-6.
230V, 0.25hp, 4 poles, r,=6.5Q, r,=6.6 Q, L, =350 mH,

L =26 mH, L, =11.1 mH, k,, = 0.9, k,;=0.33.

979-8-3315-8138-1





