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Abstract-This paper presents a rigorous modeling of the “Double-Star Permanent Magnet Synchronous Machine
— Static Converter” (DS-PMSM) system operating in generator mode. The model is based on Concordia and Park
transformations to express electrical quantities in a rotating reference frame, thereby simplifying dynamic analysis.
The double-star structure enables independent control of the two stator sets, optimizing energy production and
the regulation of active (P) and reactive (Q) power. The static converter is modeled using a behavioral approach
based on dual three-phase inverters. The fundamental equations (flux, voltage, torque) are developed in both abc
and dq reference frames. This modeling framework provides a solid foundation for implementing robust control
strategies and optimized energy injection into the grid.

Keywords—-Double-star synchronous machine, DS-PMSM, dynamic modeling, static converter, dq transformations,
grid injection

I. INTRODUCTION

Multiphasic synchronous machines, particularly the Double-Star Permanent Magnet Synchronous Machine (DS-
PMSM), are receiving growing attention in renewable energy systems. Thanks to their two independent three-phase
stator windings, they offer improved redundancy, enhanced fault tolerance, and greater flexibility for vector control and
the regulation of active and reactive power.

This topology is particularly well-suited to applications requiring service continuity and optimal grid power injection.
Efficient dynamic models have been proposed to facilitate control design, including the decoupled dg model introduced
by Kallio ef al. [1], and modeling comparisons conducted by Amirouche et al. [2].

Accurate and coupled modeling of the DS-PMSM and its static converter is a crucial step toward the development
of robust control strategies. Such modeling makes it possible to anticipate electromechanical interactions and ensure
optimal and stable power injection into the grid, particularly in highly variable environments. The decoupled dg model
proposed by Andriollo et al. [3] clearly demonstrates the benefits of this approach for analyzing and designing efficient
control systems.

This article establishes a comprehensive model of the DS-PMSM with its associated static converter, from the fundamental
abc-frame equations to the transformed dg-form, incorporating realistic physical assumptions. It also includes a behavioral
model of the two three-phase inverters.

II. RELATED WORK

The early work by Maachou and Naami [4] introduced vector control applied to DS-PMSMs, using the Park trans-
formation to manage the two stator windings independently. More recent studies, such as those by Zhou et al. [5] and
Fakharudin et al. [6], extended this approach to permanent magnet generators by integrating robust strategies such as
Direct Torque Control (DTC) and Field Oriented Control (FOC) for active and reactive power (P/Q) injection into the
grid.

© The Authors, published by EDP Sciences. This is an open access article distributed under the terms of the Creative Commons Attribution License 4.0
(https://creativecommons.org/licenses/by/4.0/).
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Kallio et al. [1] proposed a decoupled dg model to simplify the control design, while Amirouche et al. [2] compared
several modeling techniques under degraded operating conditions. Finally, Andriollo et al. [3] and Naas et al. [7]

demonstrated the relevance of differential control schemes to enhance fault tolerance and energy management in DS-
PMSMs.

III. METHODOLOGY AND MODELING
A. Modeling Assumptions

The proposed model is based on the following assumptions:

o Unsaturated magnetic circuit [8]

« Homogeneous air gap [9]

« Sinusoidal magnetic field distribution [10]

« Neglect of core losses and parasitic capacitances [8], [9], [11]
o Symmetrical stator windings [4], [12]

o Ideal permanent magnets [10]
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Fig. 1: Structure of a double-star permanent magnet synchronous machine, with the two stator windings A and B phase-
shifted, and a magnetized rotor.

B. Dynamic Equations of the DS-PMSM
« Stator star A: {aj,az2,a3}
« Stator star B: {b1, b2, b3}
o Global set: Y; € {al,ag,ag,bl,bg,bg}, 1€ {1,2,3}
e R = Rg: stator phase resistance; L = Lg = Lg, = Lg,
o J: rotor inertia; wye.(t): mechanical speed; C,.(t): load torque; f: viscous friction coefficient
« V= %: electrical phase shift between stator stars A and B

« Rotor electrical position: § = 6y = [w(t)dt + 6

1) In the abc Reference Frame (per stator star):
o Flux:

v, (t) = Ly - iy, () + o3, (1) M
« Voltage:

dpy;, (t)

’in(t):Rs'iyi(t)—‘r dt

(@)

« Electromagnetic torque:
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Com(t) = Xy i, (8) - 55+ 500 iy, (1) - 2252 3
Cem (t) - CemA (t) + CemB (t) )
Cem(t) = npp - - (igu (1) +igp (1)) Q)
o Mechanical dynamics:
J- dw%?(t) = Ccm(t) - C’r(t) - f . wmcc(t) (6)

2) Three-phase to two-phase transformation: R = Rg, L = Lg = Lq,, = Lg,., and ¢ = o5 = "M,
a) Concordia Transformation:
o Reduced Direct Concordia (from abc to of3):

Lo 2 (1 —% —% La
5 =V3lo 4 )| @

« Reduced Inverse Concordia (from «of to abc):

e [0 0

1 3 @
To| =A/5 |73 5 { ] (8)
Te ’ _% - 23 o

Fig. 2: Fixed two-phase reference frame.

b) Park Transformation:
o Direct Park (from af to dq):

xq| | cosf sinf| |z4
[a:(j N [— sin @ COSQ:| |:x5:| ©

o Inverse Park (from dq to af):
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ZTo| _ |cos@ —sinf| |zq
[:cg] o {sin@ cos@} [:L'J (10)

\ 4

Fig. 3: Rotating two-phase reference frame.

¢) Reference Frame Synchronized with the Rotating Field:

In this reference frame, the d and ¢ axes remain fixed with respect to the rotating magnetic field generated by the stator
windings. It is commonly used in control strategies because electrical quantities become steady (constant in steady state),
which simplifies analysis and regulation [1].

3) Model of the DS-PMSM in the (d,q) Reference Frame:

P (1) =0
With the transformation from (1), the system then becomes:
Pdy (t) = LdY Z.dY (t) + @(t) (11a)
Pay (t) = Lqy iqy (1) (11b)
. drgq, dx . .
Coriolis transport formula: B diee Y x x. Thus, the voltage equations (2) in (d, q) become:
fixe
. d t
vay () = Riay )+ P20 iy, 0 (120
. d t
vy (1) = Rigy (1) + 22 o, 1 (120

By substitution:
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digy (t

Udy(t) = Rs’idy(t) + Ldy Ild;/t( ) — w(t)quiqy(t) (13)
digy (t .

vy (6) = Ry (1) + Loy 20 ) Lavia () + () o

4) State Equations of the DS-PMSM in the (d,q) Frame:

The overall system behavior can be described by equations (5), (6) and (13).

i @) _ L (1) ~ Biay (6) + (t)Ligy (1)
diy, (1)

= Loy (1) — Rigy (f) — wlt) Lia, (1) ~ w(t)¢]

di
Cem (t) =MNpp ¥ (iqA (t) +igB (t>)
\Jd“"";—ic(t) = Com(£) = Co(t) — Faomec(t)

IV. MODELING OF THE STATIC CONVERTER
A. Simplifying Assumptions
o Behavioral and non-physical model: no modeling of IGBTSs nor two-level switching [13].
« Single DC supply Vg shared by both inverters [14] [15].
« Sinusoidal-triangular PWM identical for each phase [14].
« Triangular carrier with period 7', symmetric and perfectly linear [16].
« Balanced three-phase systems without neutral [17].
o Ideal comparators, without dead time [18].

B. PWM Logic Signal Generation
For each star Y € {A,B} and each phase i € {1,2,3}:
1, Vg (t) > Vit
SYz(t): Y,L(). l()
0, otherwise
with

4Vmax
— 2t 4 Vomax, 0<t<T)/2

Vlri(t) = 4V. T
%t —3Vomax, T/2<t<T

\% | %
[_Vi)max, +Vi)max} = |:_?:ic7 +§C:|
C. Reconstruction of Phase Voltages (Logical Model)
2 -1 -1
. Vie .
Vy (t) = ?" -1 2 —1|-Sy@®
-1 -1 2

Sy = [Sy1 Sy2 Sys]

D. Full Summary of the Behavioral Model for the Dual-Inverter DS-PMSM

1, Vi (t) > Vilt
SX7(t): X,/(). t ()
0, otherwise
2 -1 -1
Vx(t)=—|-1 2 —1[Sx(t)
-1 -1 2
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Fig. 4: Model of the DS-PMSM with the converter, decoupling block, and a3 <> dq transformations.

V. SIMULATIONS AND RESULTS

The diagrams below show the overall representation of the associated machine and static converter, as implemented in
the simulation environment.



E3S Web of Conferences 705, 02003 (2026) https://doi.org/10.1051/e3sconf/202670502003
AREEV 2026

D' VdA CemA

L

vah 10A E

toaf——»(2 )
IgA
PA
» 6 ) ScopeCemB
QA
,
Etoile A
o8] w_mecmas | —»(70)

] phif

Q» com w_elec
|
Gt | oni s wewe
we - NED) teta
P teta
4 Mécanique
U] i o8
Puissances_injectées
PB
4B
Ca)——>jves
vdB 18— )
IgB
23— e

VB

Etoile B

Fig. 5: Global view of the Simulink model of the double-star permanent magnet synchronous machine (DS-PMSM)
coupled with the mechanical block and the calculation of injected powers
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Fig. 6: Simulink model of the Star A subsystem of the DS-PMSM, representing the dynamic equations in the reference
frame (d, ¢) and the calculation of electromagnetic powers and torque.
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Fig. 7: Simulink model of the Mécanique subsystem of the DS-PMSM, illustrating the rotor dynamics according to the
mechanical equation

—» Vaic Va1l |
—»{Va2c Va2 I
—»{ Va3c Va3 |
—» Vbic Vb1 |
—» Vb2c Vb2 |
—» Vb3c Vb3 |

Onduleur MLI VI

Fig. 8: Simulink model of the MLI VI inverter, ensuring continuous—alternative conversion for the two three-phase sets
of the DS-PMSM.
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Fig. 9: Simulink model of the two inverter subsystems textitMLI VI _A and MLI VI _B, ensuring energy conversion for
the two three-phase sets of the permanent magnet double star synchronous machine (DS-PMSM).
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Fig. 10: Simulink model of the inverter MLI VI _A, illustrating the generation of control signals and the formation

of three-phase output voltages (Vy1, Vio, Va3) from the comparison between the triangular carrier and the modulation
signals.

The simulation is carried out using the data provided in the table below:
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Parameter Symbol Typical Value Unit
Stator resistance R, =R 0.013 Q

d- and g-axis inductance Lg=L,=1L 8.5 mH
PM rotor flux T 0.119 Wb
Mechanical inertia J 0.0027 kg-m?
Viscous friction coefficient f 0.000492 N-m-s/rad
Reference mechanical speed Wmecref 314 rad/s
Number of pole pairs Npp 4

TABLE I: Physical and electromagnetic parameters of the DS-PMSM.
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Fig. 11: Time evolution of the three-phase stator currents under balanced conditions.
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Fig. 12: Alpha and beta components of the transformed stator currents (stars A and B).
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Fig. 13: Direct-axis (i4) and quadrature-axis (z,) currents in steady state for both stator stars.
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Fig. 14: Control voltages from PWM inverters for both stator stars.

VI. DISCUSSION

The proposed modeling enables a deep understanding of the interactions between the machine and its converter. It
provides a solid foundation for the implementation of vector control (FOC), predictive control (MPC), or DTC strategies.
However, the lack of consideration for losses and nonlinearities may limit the model’s accuracy in extreme operating
conditions.

VII. CONCLUSION AND PERSPECTIVES

This work establishes a consistent and rigorous model of the Double-Star Permanent Magnet Synchronous Machine
(DS-PMSM) and its conversion interface, based on classical transformations and coupled electromechanical dynamics.
Future steps will include the integration of P/Q regulation, fault consideration, and experimental validation of the model.
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