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Abstract— This paper introduces a dynamic phasor (DP)-based
modeling for dual-stator winding induction machines (DSIMs),
incorporating steady-state formulations to support multiphase
load flow initialization. An iterative Newton-Raphson solver is
employed to enhance convergence. Under specific assumptions,
the DP model exhibits nonlinear characteristics compared to
Electromagnetic Transient (EMT)-type models, necessitating
iterative solutions for improved accuracy. The proposed DSIM
model is validated through EMT-type simulation in HYPERSIM
applied to the IEEE 9-bus test system. Benchmarking of transient
and load flow simulations confirms that the DP model accurately
replicates EMT-type behavior, demonstrating its effectiveness for
both dynamic and steady-state analysis of DSIMs.

Index Terms-- Dynamic Phasor, DSIM, Dual Stator Induction
Machine, Multiphase Machines, Multiphase Load flow.

L INTRODUCTION

Dual stator winding induction machines (DSIMs) have
gained attention for their enhanced performance and flexibility
in modern electrical drive systems [1]. The stator of the
machine is composed of two identical but independent three-
phase windings, both designed for the same number of poles.
These windings are energized at the same frequency, while the
rotor is a conventional squirrel cage type. The two stator
windings can be configured in one of two ways. (1): both
three-phase windings are accommodated within the same stator
and placed with an electrical phase displacement, i.e. 30
degrees, between their magnetic axes, resulting in inherent
magnetic coupling. (2): the stator is partitioned so that each
three-phase winding occupies only half of the stator. This
physical separation renders the magnetic paths independent and
effectively eliminates mutual magnetic coupling [3]. The
second configuration facilitates advanced control schemes,
enhances fault tolerance, and supports multispeed operation.
These features make them particularly suitable for applications
in industrial drives, electric vehicles, and process industries
where precise torque and speed control, and high reliability are
critical [2]-[4].

The existing studies on DSIMs focused on developing
equivalent models to analyze their steady-state behavior [5].
and dynamic modeling using techniques such as Park’s
transformation, space vector modeling, and complex vector
analysis [6], which allow for accurate simulation of transient
responses and control strategies. An EMT-type formulations
have been presented in [7]-[8], well-suited for high-resolution
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transient analysis regardless of whether the mutual coupling
between stator windings is considered [9]. Moreover, several
studies focus on modeling induction machines using shifted
frequency analysis; however, they often lack proper
initialization procedures [10].

Dynamic phasor modeling [11] enables efficient simulation
of electric machines in steady-state and transient regimes by
representing signals as time-varying Fourier coefficients,
allowing larger time steps in simulations without compromising
numerical stability or computational accuracy. To the authors’
knowledge, DP-based models exist for doubly-fed induction
generators [12], synchronous machines [13], and other
power-system components [14], but no prior work has
addressed dynamic phasor modeling of DSIMs.

This paper contributes to an advanced DP-based model for
DSIM, suitable for both transient simulation and steady-state
multiphase load flow integration. The model is implemented in
C++ using object-oriented principles and validated against
EMT-type models within the IEEE 9-bus system using
HYPERSIM [15].

II.  DYNAMIC PHASOR MODEL OF DSIM

DSIM modeling begins with the abc frame six-phase
induction machine formulation [4] assuming sinusoidally
distributed stator windings and neglecting inter-stator magnetic
coupling, i.e. three-phase winding occupies only half of the
stator. Voltage and flux linkage equations are derived in a dq0
synchronous reference frame. For unbalanced operation at the
fundamental frequency, the DP model is constructed by: (1)
extracting positive, negative, and zero sequences of stator
quantities; (2) transforming these to dq0 components; and (3)
substituting the superposed dq0 quantities into the machine’s
differential equations using appropriate Fourier coefficients.

Due to space limitations, the classical dq0 equations are
omitted; readers are referred to [8] for the complete
formulations and notations. Let f represent a stator or rotor
current or voltage signal. Applying the outlined steps, f in the
dq0 synchronous reference frame decomposes into DC,
fundamental, and double-frequency components,
corresponding to positive, negative, and zero sequences. Thus,
the relevant DP Fourier coefficients are k£ =0,1,2 . The relation
between the instantaneous signal and its DP representation in
the dq0 frame rotating at synchronous speed w, (denoted by

< > ) is defined as follows:
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It’s important to note that from (1)-(2), the positive and negative
sequences of f; denoted byF, and F_, respectively are

obtained as follows:
P = {8}, (), @

F = <fq >2 +j{f,), (5)
Substituting (1)-(3) into the classical dq0 equations and
ignoring the negative frequency yield the electrical and
mechanical equations describing of DSIM in DP (see equations
(6)-(23)). In these equations, * denotes the complex conjugate,
p represents the derivative operator, the variables related to
stator 1, stator 2 and rotor are represented by subscript s1, s2
and r.The voltage, current and flux are denoted by v, i,¢

respectively. The X, and X, are reactance, (E, >O,<E; >0

ms
<E;, >2,<E; >2 are dq transient voltages due to positive and

negative sequences, T, is the rotor time constant. The ®,, and

o, denote the mechanical and electrical angular speeds (rad/s),
p, is the number of poles, k; represents the damping

coefficient (Nm-s/rad). DP-based torque equation is restricted
to two components: constant and the double frequency torques.

<Tem >0 , <Tem >2 , (oom >0 , (com >2 are constant and double

frequency oscillating torques and speeds, <i§,s >k , <i;s >k denotes

sum of d and q axis stator 1 and 2 currents, respectively.

III. STEADY STATE EQUATIONS

If (o

voltage equations in steady state can be derived using equations
(4) and (5). Fig. 1 and Fig. 2 illustrate the equivalent circuits for
the positive and negative sequence models of the DSIM. By
eliminating the rotor current and applying the Fortescue
transformation, the voltage equations are reformulated in the

abc frame as follows:
|:Vabcsl:| _ |: Zabcs Zabcs]Z :| |:labcsl:|
VabcsZ ZabcsZI Zabcs IabcsZ
Z,., and Z, ., are impedance matrices, and

I

> is neglected, the positive and negative sequence
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where Z

V

abesl »

abes >

V,

abes2 > and I, ,are voltage and current

abcsl
vectors in stator 1 and 2 winding. The mechanical and
electrical power is computed by:
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Where Ay = ——mr and a - M
pos — 2 2 2
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The mechanical torque is given by:

_p B
" 20, 1-5

I,, I,., I,,and I, are stator 1 and 2 positive and negative

@7

currents; I,.,, I,.. I,., and I, are real parts of positive and

’-
negative currents in stator 1 and 2; I,,,, I, , I,;, and I, are

imaginary parts of positive and negative sequence currents of
stator 1 and 2; and s denotes the slip of DSIM.

IV. LOAD FLOW EQUATIONS

One of the following constraint types can be used to
characterize the contribution of a DSIM to the load flow
analysis: (1): electrical power input, (2): mechanical power, or
(3): electromagnetic torque. In this paper, the Modified
Augmented Nodal Analysis (MANA) load flow method [16] is
employed, utilizing an impedance-based formulation for the
participation of the machine. The currents and slip of machine
are treated as unknown variables. To incorporate the DSIM
into the MANA load flow, the Jacobian matrix is derived from
the voltage equations and the selected power or torque
constraints. This enables accurate and efficient integration of
DSIM behavior into the multiphase flow solution.

A. Voltage equations Contribution into Load flow Matrix

The contribution of voltage equations in the load flow
matrix is defined by the function f,, =0. The f,,, is the

differential of (24). Therefore, at any given iteration j, we

have:
J J
|:AVabcs]:| _ Zabcs Zubcs[Z |:Alabc.yl} + af[1'[/[1/ _ _fj (28)
- . : - MYV
A\]abcs2 szlzbcs21 Z{zbcs Al abcs?2 Os 5=/

B. Additional Constraint of Load flow Matrix

The additional constraint function f}; that contributes to
load flow matrix is obtained by setting (25), (26) or (27) to zero
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Fig. 2. Negative sequence of DSIM under steady state modeling.

(depending on the constraint type). Thus, at any iteration, we
have:

J J J
s Al .+ Mont b1t Mins Al ,
aIa]_r B Ib]_r B cl_r B
of / of f /
+ai Al + 2 M b1 it M AL,
Ia]fi IbIJ cl i
of / of / of /
A ALy o+ Al o+ AL, . (29)
ol a2 r Ib27r Ic27r
of / of of /
+ Ia2_t + M AIb2 it M AIc2 i
aIaZﬁi Ib27i ICZJ'
of,, | 4
+ M A5 = _f]/M
Os
wherel,; ., Ip; .. I, 5 Iy 5 Iy, oand I, . are real parts of

currents in stator 1 and 2; 1,; ;, Ly, ;, I ;5 Loy 1y ;and

I, ; are imaginary parts of currents in stator 1 and 2.

V. TIME DOMAIN SOLUTION OF DP MODEL

A. EMT-type Formulation of DSIM

The time-domain solution begins by discretizing the
electrical and mechanical equations (6)-(23) using the
trapezoidal integration method. This leads to the formulation of
a companion circuit expressed through nodal equations. To
mitigate numerical instability during switching events, a critical
damping adjustment technique is applied [17]. The rotor
equations are then incorporated into the stator equations to
simplify the overall system. By applying the definitions
provided in (4) and (5), the positive and negative sequence
components of the stator phasors in the rotor reference frame
are derived. These components are then transformed using the
Fortescue transformation, resulting in an equivalent machine
representation in the abc frame.
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Fig. 3. Diagram of the IEEE 9-bus system implemented in HYPERSIM.

B. Interfacing DSIM with the main Network

The positive and negative history terms depend not only on
previous time step variables but also on unknown dc speed,
double frequency speed, and dq transient voltage at each time
point. An easy implementation can be done if the magnitude of
(o, >2 is negligible under unbalanced conditions. For this

study, (, ) ) is considered and the coupling and an iterative

solution is implemented. The following algorithm summarizes
interfacing machine and the main network:

Algorithm

1.  Solve DSIMs and get their Norton equivalents,

2.  Solve remaining components and get their Norton equivalents,
3. Built the MANA A matrix and b vector,

4. Solve AXy=Db and go to 4.1

4.1. Solve DSIM as in 1 to update only history terms with unknown

variables at instant t

4.2. Solve AX;=b

N . .
43. If Z‘X{ (i)—Xf)_l (i)‘z <& goto5else Xy =X and

i=1

goto4.1.
5.  Advance in time ¢ = ¢+ At
6. If r<t,,, gotol elseend simulation

where j is the iteration counter, N is the unknown variables, &
is the smallest number that checks convergence.
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VI. NUMERICAL SIMULATIONS AND VALIDATIONS

Fig. 3 shows the IEEE-9 bus circuit [18] incorporating five
DSIMs, implemented in HYPERSIM [15]. The circuit is fed
through three synchronous machines including the controllers.
The DSIM model is not available in existing EMT-type tools;
therefore, an EMT-type representation was developed in
HYPERSIM using the UCM framework. All DSIMs are
configured with a “constant power” characteristic, and the
breakers CB1 and CB2 at both ends of Line 5 7 are closed. To
show the precision of proposed model, it is assumed that a
three-phase fault occurs at #=0.195s on Bus7. The fault is

cleared after six cycles by opening the breakers CB1 and CB2.
The simulation continues for a total duration of 1.2 s with the
time step of 50 ps. All DSIMs in HYPERSIM are initialized
using load flow analysis.

A. Validation of Load flow Solutions

TABLE 1. presents a comparison of load flow results
between the DP-based model and the reference, i.e.
HYPERSIM for some bus bars. Since the circuit is balanced,
results for other phases are omitted. Values from the proposed
model are shown in bold, demonstrating high accuracy across
most of the circuit. TABLE II. presents a comparison of the
power results for the DSIMs obtained from the proposed DP-
based model and HYPERSIM. The results are in close
agreement, demonstrating the high fidelity and precision of the
developed model. The calculated torques and slips are used for
the initialization of time-domain solution in the next step.

TABLE L. COMPARISON OF LOAD FLOW RESULTS BETWEEN PROPOSED
DP-BASED DSIM MODEL (IN BOLD) AND REFERENCE MODEL, HYPERSIM.
Bus No. Mag(pu) L Angle Bus No. Mag(pu) L Angle
phase-a phase-a
1.040 L 0.000 1.007 L -4.238
BUSOI 1.040 L 0.00 BUSI2 1007 L -4.24
1.025 1L_9.333 1.007L-4.263
BUS05 1.026 L_9.33 BUSI3 1.007 L -4.26
1.007 L_-4.269 1.007 L -4.263
BUSIS 1.007 L -4.27 BUSI4 1.007 L -4.26
TABLE II. COMPARISON OF ACTIVE AND REACTIVE POWER BETWEEN

PROPOSED DP-BASED MODEL (IN BOLD) AND REFERENCE MODEL,
HYPERSIM.

DSIM  Psl Qsl P2 Qs2 Tm Slip
No (MW) (MVar) (MW) (MVar)  (kN.m) (%)
I
I
DSIMO3 §j8§ Hg ;tgg Hg 2196 2.09
psivos 061 035 L 038 634 095
TR I

B. Validation of Time-domain Solutions

Fig. 4.(a) and (b) present the phase-a current of stator 1 and
stator 2 in DSIMO1, respectively. The DP model results are
shown in red and green, with the DP envelope emphasized in
black, while the HYPERSIM simulation results appear in blue
and magenta. As highlighted in the zoomed-in view of the fault
and post-fault intervals in Fig. 4 (c), the DP model exhibits a
perfect match with the HYPERSIM simulation. Fig. 5 presents
a comparison of mechanical torque between the DP model and



HYPERSIM. The two curves show strong agreement,
particularly in the fault and post-fault regions highlighted in
Fig. 5.(b). Fig. 6 compares the rotor speed of DSIMO1, again
demonstrating a close match between the DP model and
HYPERSIM results, see zoomed-in view of Fig. 6. (b).
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Fig. 4. Phase-a current comparison in DSIMO! between the proposed DP
model and the EMT-type model in HYPERSIM: (a) stator 1, (b) stator 2, and
(c) zoomed-in view during the fault and post-fault periods.
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Fig. 5. (a): Comparison of mechanical torque in DSIMOl between the
proposed DP model and EMT-type model in HYPERSIM; (b): the zoomed-in
view in the fault and post fault period.
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Fig. 6. (a): Rotor speed comparison for DSIMO1 between the proposed DP
model and EMT-type model in HYPERSIM; (b): the zoomed-in view in the
fault and post fault period.
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VIL

This paper presents a dynamic phasor model of the double
stator winding induction machine, formulated in the dq
synchronous reference frame. The model is applicable under
both balanced and unbalanced operating conditions. A
corresponding steady-state formulation is derived to facilitate
load flow analysis. The implementation is carried out in C++
using object-oriented programming principles, enabling
electromagnetic transient type simulations within the dynamic
phasor frame. Due to the inherent coupling between positive
and negative sequence components, an iterative solution
approach is employed to enhance computational accuracy.
Simulation results under transient conditions near the system’s
fundamental frequency validate the model’s capability to
accurately represent EMT behavior.

CONCLUSION
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