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Abstract 
In the electric drive systems of marine propulsion, particularly in submarines, multiphase permanent magnet synchronous 

motors (PMSMs) have garnered significant attention due to their enhanced reliability in high-power applications. This paper 
investigates a twelve-phase non-sinusoidal PMSM with double stator windings, where each stator phase's windings are 
symmetrically positioned relative to the stator centre. Each winding is powered by a single-phase H-bridge inverter, with both 
inverters of each phase controlled by a dedicated microcontroller. Given the independent control system for each phase, 
conventional dq-axis modeling and control methods are not applicable. Instead, the system is modeled in a stationary 12-phase 
reference frame. Furthermore, due to the non-sinusoidal back-EMF voltage waveforms, harmonic current injection is 
independently applied to each phase to mitigate torque ripple. For harmonic reference current regulation, a state feedback 
controller based on an ultra-local model is employed, replacing traditional PI or hysteresis controllers. Additionally, extended 
state observers (ESOs) are designed to estimate uncertainties and parameter mismatches. Simulation results validate the 
superiority of the proposed control approach. 
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1. INTRODUCTION 
Permanent Magnet Synchronous Motors (PMSM) are of 

special interest in high-power submarine systems, due to 
their high torque and high-power density, smooth torque, 
considerable efficiency, and higher reliability. Despite the 
high reliability of three-phase PMSM motors, if a fault 
occurs in one of the inverter switches or one of the windings, 
the motor stops developing torque. Therefore, to further 
increase the reliability of drives, especially in high-power 
applications, the use of multiphase PMSMs for vehicles 
such as submarines is highly regarded. Increasing the 
number of phases reduces phase currents, thereby 
alleviating the problems of motor losses and cooling [1, 2]. 

Three-phase PMSMs with double star winding (or 
asymmetric six-phase) are used in low to medium power 
applications, while twelve-phase PMSMs are used in high 
power applications. Fig. 1 shows various types of electric 
drives for twelve-phase PMSMs (and more generally 

multiphase motor drives). Multiphase motors are divided 
into symmetric and asymmetric categories [3]. In symmetric 
multiphase PMSM motors such as five-phase and seven-
phase motors, the number of phases is often an odd number. 
Asymmetric multiphase motors usually include two or more 
sets of three-phase windings and are spatially asymmetric. 
Six-phase and twelve-phase motors fall into this category, 
comprising two sets of three-phase windings and four sets 
of three-phase windings, respectively. Assuming ܰ (ܰ =
2,3, . . . ) sets of asymmetric three-phase windings are 
employed, the angle ߚ between two identical windings in 
different sets is (3ܰ)/ߨ. These motors offer greater 
reliability compared to symmetric multiphase motors, 
which, with each set of three phases, can be fed by a separate 
three-phase frequency inverter. 

Fig. 1(ܽ) shows a twelve-phase motor with a single star 
connection point, powered by a twelve-phase inverter. Fig. 
1(ܾ) shows a twelve-phase motor, with each phase powered 
by an independent single-phase inverter. Fig. 1(ܿ) shows a 
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twelve-phase PMSM with four sets of three-phase 
windings, having only one star connection point, powered 
by four independent three-phase inverters. Fig. 1(݀) shows 
a twelve-phase PMSM with four sets of three-phase 
windings, each with four separate star points, powered by 
four independent three-phase inverters. 

  
Fig. 1. Various types of electrical drives for 12-phase PMSM [3] 

Scheme (a) of a twelve-phase PMSM motor drive fed by 
a single twelve-phase inverter is generally not used because 
a single short-circuit fault in one of the twelve inverter legs 
causes a complete phase shutdown. Schemes (c) and (d) are 
common twelve-phase PMSM motor drive schemes that use 
four independent three-phase inverters. In these two 
schemes, the motor has four sets of symmetrical three-phase 
windings, where the corresponding windings of different 
three phases are spatially separated by 15 degrees. Fig. 2 
shows the winding axis configuration of scheme (c), where 
the four sets of three-phase windings share a common star 
point, and this scheme is more commonly used than scheme 
(d) [4]. Fig. 3 shows the schematic of the drive system for 
this twelve-phase PMSM scheme [5]. 

Scheme (b) has the highest level of reliability because 
each motor phase is independently fed by a single-phase H-
bridge inverter. With failure in one of the windings or an H-
bridge inverter, the remaining 11 phases of the motor 
continue to develop torque [6]. This structure is popularly 
designed and implemented. One of the features of this 
scheme is too many numbers of switches, totaling 48, which 
is twice the number of switches in the drive system shown 
in Fig. 3. A limitation of this method is that, due to the 
modular nature of the control system, there is no electrical 
communication between the drive systems of different 
phases, and the controllers of different modules are unaware 
of each other's voltage and current data. 

In this paper, due to the demanded high reliability, a 
design similar to the modular scheme (b) is used, where 
each phase has two windings, referred to as a double twelve-

phase motor. In the design shown in Fig. 4, the windings are 
distributed at 15-degree angles relative to each other. Each 
half of a motor phase is located within a 180-degree range 
of the stator perimeter, and the second half of each phase 
winding with the first half is aligned, but on the opposite 
side of the stator. It should be noted that this motor 
essentially has 24 independent single-phase H-bridge 
inverters and a total of 96 IGBTs, controlled by 12 
independent microcontrollers. Fig. 5 displays the schematic 
of the modular drive for the double winding twelve-phase 
PMSM, where each half of a phase winding is fed by a 
single-phase H-bridge inverter. At low speeds, to increase 
motor efficiency, the two parts of each phase winding are 
connected in series, and by deactivating one leg of the H-
bridge inverter related to each half, the entire phase winding 
is powered by one H-bridge. According to Fig. 5, both H-
bridge inverters for a phase are controlled by a common 
microcontroller. It has no data sharing with other 
microcontrollers, and a central microcontroller determines 
the phase reference currents and monitors the phase status 
to change the reference current in case of any fault.  

Symmetrical three-phase PMSMs with sinusoidal back-
EMF voltage are usually modeled in the rotating 
 reference frame and controlled using vector controlݍ݀
methods. Similar to three-phase PMSMs, there are four 
modeling methods for multiphase PMSMs [7, 8]: 

 Modeling in multiple ݀ݍ reference frames  
 Modeling in decoupled ݀ݍ reference frames 
 Modeling using vector space decomposition  
 Modeling in multiple stationary reference frames 

Due to the modular structure of the drive used in this 
paper, where the local microcontrollers of each three-phase 
group are blind to the other groups, modeling methods 
based on the dq reference frame cannot be used. Moreover, 
if the back-EMF voltages of PMSM were not sinusoidal and 
include higher harmonics, the use of the Park transform for 
modeling cannot adequately represent the motor behavior. 
Several methods have been proposed for modeling of non-
sinusoidal PMSM, including: 

 Modeling based on the extended Park transform [9] 
 dq modeling with harmonic components [10] 
 Modeling in multiple dq reference frames [11] 
 Vector space decomposition (VSD) [12] 

The above-mentioned methods for modeling non-
sinusoidal three-phase PMSMs have a significant 
computational volume. Furthermore, using these methods 
for a twelve-phase motor, the computational volume 
increases several times. Also, as shown in Fig. 5, the control 
calculations of each phase are performed in the local 
microcontroller itself. Therefore, it is not possible to 
perform 3-to-2 transformations and vice versa. Thus, for the 
twelve-phase PMSM with a modular structure and non-
sinusoidal back-EMF voltages, modeling in the dq reference 
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frame is not possible. So, modeling in twelve-axis stationary 
reference frames must necessarily be used, in which the 
angle between two adjacent windings is equal to 15 
electrical degrees. Of course, modeling in a stationary 
reference frame is feasible for surface-mounted PMSM, 
where the self-inductances and mutual inductances are 
constant.  

  
Fig. 2. Four-star connected asymmetric 12-phase PMSM 
windings distribution [5] 

 

  
Fig. 3. The topology of a 12-phase PMSM drive fed by four three-
phase inverters [5] 

 

  
Fig. 4. Open-end connected symmetric 12-phase PMSM with 
double winding distribution. 

  
Fig. 5. Schematic of the modular drive system for the 12-phase PMSM with double winding studied in this paper 
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Due to the independence of the microcontrollers and the 
absence of data exchange between them, the use of dq 
transformations is not feasible. As a result, many modeling 
and estimation methods based on the multiple dq-axis 
theory cannot be applied. Furthermore, common control 
strategies such as field-oriented control (FOC), model 
predictive control (MPC), and direct torque control (DTC) 
are impractical for this system. Additionally, the non-
sinusoidal back-EMF voltages of the motor prevent the use 
of traditional sinusoidal PMSM control methods, as they 
would introduce significant torque ripple. To address these 
challenges, this multi-phase PMSM is modeled in a 12-axis 
stationary reference frame. Moreover, a current shaping 
method—based on harmonic current injection—is 
employed to mitigate torque ripple caused by the non-
sinusoidal back-EMF waveforms. So, the innovation of this 
paper includes the use of a harmonic current injection 
method to reduce the torque ripple of a double twelve-phase 
motor and the development of an extended state observer 
for robust control of this motor. 

In the rest of this paper, Section 2 presents the modeling 
of the double-winding twelve-phase PMSM, considering 
the limitations of the modular system. Section 2 discusses 
the drive control with respect to non-sinusoidal back-EMF 
voltages, using the harmonic current injection method. In 
section 3, the mathematical modeling based on the ultra-
local model is presented and then, an extended state 
observer (ESO) is designed in the stationary six-axis 
reference frame for current regulation. Section 4 provides 
the simulation results for verifying the proposed method, 
followed by a conclusion in Section 5. 

2. MODELING OF MODULAR TWELVE-PHASE 
PMSM 

Assuming the winding arrangement of the phases of the 
PMSM is as shown in Fig. 4, the voltage-current 
relationship of each winding obeys the following: 

௫ݒ  (1) = ܴ௦݅௫ +
݀
ݐ݀ ߰௫ + ݁௫ 

where, ܴ௦  is the resistance of each winding, and ݒ௫, ݅௫, 
߰௫  and ݁௫  are the voltage, current, flux linkage and back-
EMF voltage due to the rotor flux of the xth winding, 
respectively, that ݔ = ,ଵܣ ,ଵܤ,ଶܣ ଶܤ , … ,  ଶ. The flux linkageܮ
of each winding depends on the itself current and the current 
of the other 23 windings, and can be calculated as follows: 

(2)  
߰௫ = ௫݅௫ܮ + ෍ ௫௬݅௬ܯ

௬ୀ஺భ,஺మ,஻భ ,஻మ,…,௅మ
(௫ஷ௬)

 

where ܮ௫  and ܯ௫௬ are the self-inductance of winding ݔ 
and the mutual inductance between the two windings ݔ and 
 respectively. The electromagnetic torque of the double ݕ
twelve-phase motor ( ௘ܶ) and the mechanical speed of the 

motor (߱௠) can also be calculated from the following 
relations: 

)3(  ௘ܶ = ෍
݁௫݅௫

௥߱௫ୀ஺భ,…,௅మ

 

)4(  ߱௠ =
1
ܬ
න( ௘ܶ − ௟ܶ)݀ݐ 

where, ߱ ௥ , ܶ and ,ܬ ௟  are the rotor electrical speed, the total 
moment of inertia of the rotor and the load torque, 
respectively. To implement the motor model in Simulink, a 
24-phase winding can be used, where each winding is 
considered in series with a speed-dependent voltage source 
݁௫  with as well as an arbitrary harmonic waveform 
depending on the rotor position ߠ௥. 

3. CONTROL OF MODULAR TWELVE-PHASE 
PMSM USING HARMONIC CURRENT INJECTION 

METHOD  
In the harmonic current injection method, considering the 

harmonics in the phase’s back-EMF voltage, harmonic 
currents are injected in each phase, in which their amplitude 
are adjusted in such a way that the harmonic components of 
the torque become zero and only the constant torque 
remains [13,14]. For the motor studied in this paper, it is 
assumed that only harmonics 1, 3, 5, and 7 are present in the 
back-EMF voltages. Hence, the back-EMF voltage of 
winding ݔ can be written as follows: 

(5)  ݁௫(ݐ) = ଵܧ ݊݅ݏ ௥߱ ݐ + ଷܧ ݊݅ݏ 3 ௥߱ݐ
+ ହܧ ݊݅ݏ 5 ௥߱ݐ + ଻ܧ ݊݅ݏ 7 ௥߱ݐ 

where ݔ = ,ଵܣ ଵܤ,ଶܣ , ,ଶܤ … ,  ଻ are theܧ ଵ toܧ ଶ, andܮ
harmonics amplitudes of back-EMF voltages, that in this 
paper are equal to 1, 0.2, 0.1, and 0.02 in terms of per unit, 
respectively. If the current injected into coil x is considered 
as follows: 

)6(  ݅௫(ݐ) = ଵܫ ݊݅ݏ ௥߱ ݐ + ହܫ ݊݅ݏ 5 ௥߱ݐ + ଻ܫ ݊݅ݏ 7 ௥߱ݐ 

Note that the above back-EMF voltage and current 
equations belong to winding ݔ =  ,ଵ. For other windingsܣ 
the argument of the sinusoidal functions is considered 
according to Fig. 4. For example, for winding ܤଵ , 15o is 
added to the argument ௥߱ݐ in all sinusoidal functions, and 
for winding ܮଵ, 165o is added. The air gap power of winding 
 will only include even harmonics up to order 14 and will ݔ
be as follows: 

)7(  ௫ܲ(ݐ) = ଴ܲ + ଶܲ ݊݅ݏ 2 ௥߱ ݐ +⋯+ ଵܲସ ݊݅ݏ 14 ௥߱ݐ 
It can be easily shown that the air gap power or torque of 

the sum of all windings in a PMSM with a number of phases 
equal to a multiple of 3, only has harmonics with multiples 
of 6. By limiting the harmonics to order 7, for the motor of 
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this paper, the instantaneous air gap power ௘ܲ  is obtained as 
follows: 

(8) ௘ܲ(ݐ) = ଴ܲ + ଺ܲ ݊݅ݏ 6 ௥߱ ݐ + ଵܲଶ ݊݅ݏ 12 ௥߱ݐ 

and the instantaneous electromagnetic torque can also be 
calculated as: 

(9) ௘ܶ(ݐ) = ௘ܲ(ݐ)

௥߱
= ଴ܶ + ଺ܶ ݊݅ݏ 6 ௥߱ ݐ

+ ଵܶଶ ݊݅ݏ 12 ௥߱ݐ 

where  

(10) ଴ܶ =
3

2 ௥߱
ଵܫଵܧ] + ହܫହܧ +  [଻ܫ଻ܧ

(11) ଺ܶ =
3

2 ௥߱
−଻ܧ)ଵܫ] (ହܧ − ଵܧହܫ +  [ଵܧ଻ܫ

(12) ଵܶଶ =
3

2 ௥߱
଻ܧହܫ−] −  [ହܧ଻ܫ

To determine the amplitude of current harmonics, by 
equating the value of ଴ܶ  to the reference torque ௘ܶ

∗   (speed 
controller output) and setting ଺ܶ and ଵܶଶ  to zero, the 
following matrix equation must be solved: 

(13)  ൥
ଵܧ ହܧ  ଻ܧ

ହܧ଻ିܧ  ଵܧ ଵܧ−
0  ହܧ− ଻ܧ−

൩ × ൥
ଵܫ
ହܫ
଻ܫ
൩ =

2 ௥߱

3
൥
௘ܶ
∗

0
0
൩ 

As a result, the reference values of the harmonic currents 
will be determined as follows: 

(14)  ቎
∗ଵܫ
∗ହܫ
∗଻ܫ
቏ = ൥

1.006
−0.0671
0.0134

൩
2 ௥߱ ௘ܶ

∗

3  

Note, the reference value of the third harmonic current is 
considered to be zero, because this harmonic has no 
involvement in torque generation. 

Using (6) and (14), the time domain of the reference 
current for both windings of the phase ࡭, based on the 
reference torque (output of the PI speed controller), can be 
displayed as follows: 

(15) ݅஺∗(ݐ) = ∗ଵܫ ݊݅ݏ ௥߱ ݐ + ∗ଷܫ ݊݅ݏ 3 ௥߱ݐ + ∗ହܫ ݊݅ݏ 5 ௥߱ݐ 

The current of phase A windings, in all transient and 
steady states, must accurately track this harmonic reference 
value. For this purpose, appropriate current regulators 
should be employed. The simplest type of current regulator 
is the hysteresis controller, which, due to its steady-state 
error of current and high, variable switching frequency, is 
not suitable for high power applications due to propagated 
acoustic noise. On the other hand, the simple and traditional 
PI controller is also not suitable for this application because, 

due to its small bandwidth, the PI controller is not capable 
of tracking AC signals containing high-order harmonics 
[15]. Another solution for tracking harmonic reference 
signals is the use of proportional-resonant (PR) controllers 
or quasi-PR (QPR) controllers. The transfer function of the 
harmonic QPR controller for the harmonic reference current 
given by relation (15) is as follows: 

(࢙)ࡴ,ࡾࡼࡽࡳ = ࡼࡷ + ૚ࡾࡷ

૛࣓ࢉ૚࢙
࢙૛ + ૛࣓ࢉ૚࢙ + ࢕࣓

૛ 
 

૜ࡾࡷ +                       

૛࣓ࢉ૜࢙
࢙૛ + ૛࣓ࢉ૜࢙ + (૜࣓࢕)૛ 

  

૞ࡾࡷ +                       

૛࣓ࢉ૞࢙
࢙૛ + ૛࣓ࢉ૞࢙ + (૞࣓࢕)૛ 

 

(16) 

In which the coefficients ܭ௉, ܭோభ , ோయܭ , ோఱܭ  and the cut-
off frequencies ߱௖భ , ߱௖య , ߱௖ఱ , must be accurately adjusted 
[16]. 

As can be seen, the number of adjustable parameters of 
the harmonic QPR controller is too and their adjustment 
requires experience or the use of complex design methods 
in the time or frequency domain. Therefore, to avoid these 
problems, a simple state feedback controller based on an 
extended state observer (ESO) is used to regulate harmonic 
currents such as (15). 

4. CURRENT CONTROL OF TWELVE-PHASE 
PMSM BASED ON EXTENDED STATE OBSERVER 

(ESO) 
 In this section, an ultra-local model of the twelve-phase 

PMSM is first developed. To track the harmonic current 
references made by the harmonic current injection strategy, 
a first-order state feedback controller is applied to each 
winding independently. Due to the nonlinear model and 
uncertainties of the model, an extended state observer is 
designed and employed in state feedback controllers. 

4.1. Ultra-local mathematical model theory 
 An ultra-local model of a single-input, single-output 

system using only the system's input and output while 
disregarding the mathematical model can be expressed as 
[17]. 

ݕ̇   )17( = ݑߙ +  ܨ

where, ࢟ is the output of the system, ࢛ is the input of the 
system, ࡲ is the sum of known and unknown disturbances 
of the system as an extended state, and ࢻ is a scaling 
coefficient of the designed model. Considering ࢟∗ as the 
reference output value of the system, ࡲ෡ as the estimated 
value of ࡲ, the control law of the state feedback controller 
can be expressed as: 

ݑ  )18( =
∗ݕ̇ ෠ܨ− + ߦ

ߙ  
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here, ξ is the control law and can be the output of a 
controller such as proportional-integral (PI). If extended 
state ࡲ is estimated with high accuracy, then ࡲ෡  ≅  from ,ࡲ
(17) and (18) it results 

)19(  ݁̇ + ߦ = 0 

where ࢋ = ࢟∗ − ࢟ represents the output tracking error. 
Assuming that ࣈ, the output of the proportional controller, 
is in the form ࣈ =  the control law of the closed-loop ,ࢋ࢖࢑
nonlinear system is described as follows: 

)20   (  
ݑ =

∗ݕ̇ ෠ܨ− + ݇௣݁
ߙ  

݁̇ + ݇௣݁ = 0 

It is clear that the performance of the controller depends 
on the proportional controller coefficient (࢖࢑) and the 
accuracy of the estimation. 

4.2. Ultra-local model construction of a twelve-phase 
PMSM 

 To develop the ultra-local mathematical model of the 
modular double-winding, twelve-phase PMSM in the 
stationary stator frame, the following steps are taken. By 
rewriting (1) and using (2) for a considered winding such as 
winding ࡭૚ of phase A, it results: 

஺భݒ  )   21( = ܴ௦݅஺భ +
݀
ݐ݀ ߰஺భ + ஺݁భ 

  or 

)22(  
஺భݒ = ܴ௦݅஺భ + ௦ܮ

݀݅஺భ
ݐ݀ +

݀
ݐ݀ ෍ ஺భ௫ೕ݅௫ೕܯ

௫ೕୀ஻భ…௓మ

 

           +߱௥߰௉ெ )݊݅ݏ  (௥ߠ

It is observed that, in (22), the voltage of winding ࡭૚ 
depends on the currents of other windings. However, given 
the modular nature of the power and control system, their 
values are not available, and the induced voltage due to the 
currents of other windings can be considered the unmodeled 
dynamics of the winding ࡭૚. Considering parameter 
variations, unknown disturbances, and unmodeled 
dynamics, the mathematical model of winding ࡭૚ can be 
expressed as follows: 

஺భݒ  )23( = (ܴ௦ + ஺భ݅(ܴ߂ + ௦ܮ) (ܮ߂+
݀݅஺భ
ݐ݀  

                           +߱௥(߰௉ெ + (௉ெ߰߂ )݊݅ݏ (௥ߠ + ஺݂భ 

that, Δܴ, Δܮ, and ࣒ࡹࡼ represent the resistance, 
inductance and permanent magnet flux variations of each 
phase, and ࡭ࢌ૚ indicates the unknown disturbances and 
unmodeled dynamics in phase ࡭૚. Equation (23) can be 
rewritten as follows: 

)24(  ݀݅஺భ
ݐ݀ =

஺భݒ
௦ܮ

+ ቆ−
(ܴ௦ ஺భ݅(ܴ߂+

௦ܮ
−
ܮ߂
௦ܮ
݀݅஺భ
ݐ݀ − 

                    
߱௥(߰௉ெ + (௉ெ߰߂ )݊݅ݏ (௥ߠ

௦ܮ
− ஺݂భ
௦ܮ
ቇ 

If the currents of each of the 24 windings of the motor are 
considered the system outputs, the applied voltages to the 
motor windings are considered the system inputs, and the 
other terms are considered the sum of the known and 
unknown disturbances of the system. Based on (17), the 
ultra-local mathematical model for winding ࡭૚ PMSM can 
be expressed as follows: 

)25(  
݀݅஺భ
ݐ݀ = ஺భݒߙ  ஺భܨ+

where ߙ is the controller coefficient equal to the inverse of 
phase inductance (࢙ࡸ/1 = ߙ), and the sum of the disturbances 
for winding ࡭૚ is as follows: 

)26(  
஺భܨ = −

(ܴ௦ + ஺భ݅(ܴ߂
௦ܮ

−
ܮ߂
௦ܮ
݀݅஺భ
ݐ݀  

−
߱௥(߰௉ெ (௉ெ߰߂+ )݊݅ݏ (௥ߠ

௦ܮ
− ஺݂భ
௦ܮ

 

For other windings, the ultra-local mathematical model 
can also be presented in the same manner. In the next 
section, an ESO is designed for each winding to estimate the 
sum of the disturbances ࡭ࡲ૚. 

4.3. Design of extended state observer (ESO)  
Based on the ultra-local model given by (25), a linear 

extended state observer can be designed, with the state 
variables estimating the values of ࡭࢏૚ and ࡭ࡲ૚. This 
observer can be designed using the feedback of the 
estimation error of the current ࡭࢏૚ as follows [30, 29]: 

)27(  ቐ
݁ = ଵݔ − ݅஺భ
ଵݔ̇ = ଶݔ + ஺భݒߙ ଵߚ− × ݁
ଶݔ̇ = ଶߚ− × ݁

 

where ࢞૚ = ଙ̂࡭૚ ،࢞૛ =  ૚ are the state variables of the࡭෡ࡲ
observer, those are the estimated values ࡭࢏૚ and ࡭ࡲ૚, 
respectively. ࢼ૚ and ࢼ૛ are the feedback gains of the 
observer's error, which influence the estimation quality and 
must be appropriately determined. To design the observer 
and determine the appropriate values for ࢼ૚ and ࢼ૚, the 
state-space representation of the linear ESO can be 
expressed as follows: 

)28(  ൜
ݔ̇ = ݔܣ + ஺భݒܤ ݕ)ܦ+ − (ොݕ
ොݕ = ݔܥ  

that ෝ࢟ is the estimated output ݕ, and the vector ݔ and 
observer matrices are as follows: 

ݔ  )29( = ቂ
ଵݔ
ଶቃݔ , ܣ = ቂ0 1

0 0ቃ , ܤ = ቂ0ߙቃ , ்ܥ = ቂ10ቃ , ܦ = ൤ߚଵߚଶ
൨ 

The characteristic equation of the ESO observer is 
expressed as follows: 
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ܫݏ|  )30( − ܣ) − |(ܥܦ = ଶݏ ݏଵߚ+ +  ଶߚ

For stability of the ESO, the roots of the (30) must be 
located in the left half of the complex plane. Hence, the 
following conditions must be met: 

)31(  ൜
ଵߚ = 2߱଴
ଶߚ = ߱଴

ଶ  

The bandwidth ࣓૙ of the ESO determines the stability 
and dynamic performance of the observer.  

For PMSM drives, the current control loop (inner loop) 
typically requires a high bandwidth to meet dynamic 
response requirements. Thus, in this paper, when the 
sampling frequency is 8 kHz, ࣓૙ is set to 1600 and for 
higher sampling frequencies, such as 16 kHz, ࣓૙ is 3200. 

4.4. Current regulation using ESO  
The relationship between voltage and current for each 

winding of the motor follows a first-order ultra-local model 
such (26). Using the Euler discretization approximation, the 
voltage of motor winding ࡭૚ can be calculated as follows: 

(݇)஺భݒ  )   32( =
݅஺భ(݇ + 1) − ݅஺భ(݇)

ߙ ௦ܶ
−
(݇)෠஺భܨ
ߙ  

where ࡭ࡲ૚ is replaced by ࡲ෡࡭૚, that is determined by the 
ESO. By substituting ࡭࢏૚(࢑ + ૚) with the reference current 
of the phase A winding, i.e., ࡭࢏∗   determined by (15), the 
reference voltage value of the motor winding ࡭૚ is obtained 
as follows: 

஺భݒ  )   33(
∗ (݇) =

݅஺∗(݇) − ݅஺భ(݇)
ߙ ௦ܶ

−
(݇)෠஺భܨ
ߙ  

By modulating this voltage vector using fixed switching 
frequency modulation methods such as space vector 
modulation (SVM) or sinusoidal modulation, the switching 
signals for each H-bridge inverter shown in Fig. 5 are 
determined.  

5. SIMULATION RESULTS 
In this section, the performance of the proposed control 

method is validated by performing several simulations. The 
specifications of the target double-winding, 12-phase 
PMSM are: 200 kW, 2000 N.m, 300, 320 rpm, stator 
resistance 15 mΩ, self-inductance 500 µH, and back EMF 
constant 1.37 V’s/rad. 

At first, the drive performance is compared using two 
control strategies: field-oriented control (FOC) and the 
proposed harmonic current injection (HCI). Fig. 6 shows the 
results while the FOC strategy is employed in a stationery 
reference frame. As shown, the current reference is 
sinusoidal and the phase current tracks the reference current 
with some high-frequency fluctuations. The torque ripple 
resulted from non-sinusoidal back-EMFs is considerable 
and about 300 N.m or 15%. Fig. 7 shows the results of 

employing HCI strategy. It is evident that the reference 
current has harmonic with orders 5 and 7 that cancels the 
effects of non-sinusoidal back-EMFs. Hence, the peak-to-
peak torque ripple is reduced to 80 N.m or 4%. 

  
Fig. 6. Drive behavior using field-oriented control (FOC) 
strategy. 

  
Fig. 7. Drive behavior using harmonic current injection (HCI) 
strategy 
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In the continuation of work, motor drive behavior is 
simulated using a harmonic current injection control 
strategy and using three types of current regulators: PI, 
hysteresis, and ESO-based state feedback. Fig. 8 and Fig. 9 
show the dynamic response of the 12-phase PMSM drive 
while using PI and hysteresis regulators, respectively. They 
are including back EMF of phase A, reference and phase 
currents of winding ܣଵ, three-winding currents. ݅ ஺ଵ, ݅ ீଵ, and 
݅௅ଵ and electromagnetic torque. It is observed that due to the 
non-sinusoidal back EMF of the windings, the reference 
current is harmonic. In Fig. 8, the reference current tracking 
is carried out well, but some torque ripple occurs due to the 
limited bandwidth of PI controllers. With a load torque 2000 
N.m, the torque ripple is about 300 N.m or 15%. In Fig. 9 
and with a hysteresis current regulator, the torque ripple is 
100 N.m or 5%. It is noted that the hysteresis band is 
adjusted in 2 A in a manner that the maximum switching 
frequency is limited to 16 kHz. Fig. 10 shows the result of 
employing ESO-based controller. The torque ripple is less 
while the hysteresis regulator is used and it is reduced to 60 
N.M or 3%. Fig. 11 shows the speed tracking and current 
tracking with ESO-based current controllers. Table 1 
compares the numerical values of peak-to-peak torque 
ripple for each of the three current regulators. 

 
 

  
Fig. 8. Drive behavior using PI current controllers 

 

 
Fig. 9. Drive behavior using hysteresis current controllers 

 

 
Fig. 10. Drive behavior using ESO based state feedback controllers 
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Fig. 11. Speed and current tracking using ESO-based state 
feedback controllers 

TABLE 1. Comparison of the drive behavior 
 of a twelve-phase PMSM motor using the harmonic  

current injection control method with different current controllers 

Controller Type Torque Ripple (%) 

PI 15 

Hysteresis 5 

ESO-based state feedback 3 

6. CONCLUSION 
In this paper, the torque ripple reduction of a non-

sinusoidal twelve-phase modular PMSM with double stator 
windings was studied using a novel strategy. Due to the 
independence of each phase control system from the other 
phases, the motor modeling was performed in the 12-phase 
stationary reference frame. Additionally, to control the 
motor and reduce the torque ripple caused by the non-
sinusoidal back-EMF voltages, the reference current 
shaping method or the harmonic current injection method 
was employed. Current regulation was carried out using a 
simple current feedback controller based on an ESO, that 
the resulted torque ripple was 3%, which shows much better 
performance than the 15% torque ripple of the PI controller 
and better than hysteresis and PR. The proposed ESO is 
robust against variations in the model and uncertainties. The 
simulation results indicate the capability of the proposed 

modeling and harmonic current injection with ESO-based 
current controllers for this special modular drive. 
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