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EFFICIENCY OPTIMIZED CONTROL OF PERMANENT-

MAGNET SYNCHRONOUS MOTORS FOR ELECTRIC 

VEHICLES OVER THE ENTIRE-SPEED RANGE 

Hanaa ELSHERBINY1, Mohamed Kamal AHMED2, Mahmoud A. ELWANY3 

The Interior Permanent magnet synchronous motors (IPMSMs) are widely 

used as the main drive for electric vehicle (EV) propulsion. High efficiency of the 

motor and power converter is essential as they consume most of battery power. This 

paper presents an optimization-based method aiming to achieve the maximum 

system efficiency including IPMSM and power converter. The method is applicable 

over the entire speed range. It involves the field weakening (FW) control scheme. To 

accurately estimate the overall system efficiency, First, a high-fidelity machine 

model considering the magnetic saturation, spatial harmonics, and iron loss effect is 

built. The magnetic characteristics of simulated 12/10 IPMSM is generated 

precisely using the Finite Element Analysis (FEA). Then, an inverse solution of flux-

linkages is extracted to simplify the model as well as to avoid the derivative 

calculations. Second, a detailed analysis and estimation of system losses are 

achieved. The system losses include the fundamental copper and iron losses, 

harmonic copper and iron losses, inverter losses (conduction and switching losses), 

and mechanical losses. The loss models are included within motor model through 

MATLAB Simulink environment. Third, a searching algorithm is developed to define 

the best current angle for maximum efficiency per ampere (MEPA) control. The 

same algorithm is also used to define the best current angle for maximum torque per 

ampere (MTPA) control. The MTPA control is used for comparisons and 

investigations. Finally, a series of results is conducted to show the effectiveness and 

fidelity of the proposed MEPA control.  

 

Keywords: interior permanent magnet synchronous motors, finite element 

analysis, iron losses, inverter losses, MEPA, MTPA. 

1. Introduction 

The Electric vehicles (EVs) are a direct way for establishing a low-carbon 

economy. They are gaining an increased popularity because of their 

advantages[1]–[3]. They offer no emissions, low maintenance, low cost, and 
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safety drive [4]–[6]. For an EV, most of the battery power is consumed by the 

main drive system that includes the motor and power converter. Therefore, the 

efficiency optimization of EVs drive system has a great attention from researchers 

[7]. 

Interior Permanent magnet synchronous motors (IPMSMs) have the best 

overall performance as the main drive system in EVs[2], [8]. This is mainly due to 

their superiorities such as small weight and size, wide speed range, high power 

density, low noise, and high efficiency. However, improving the efficiency of 

IPMSM drive system especially for EVs has received considerable research 

interests to increase the drive milage per battery charge.  

The improvement of motor efficiency can be achieved by the machine 

design and/or drive control. First, on the machine design stage, new 

configurations for the stator and rotor with novel design procedures are employed 

to improve motor efficiency[9], [10]. Besides, optimal design and control of 

power converter can improve the system efficiency[11], [12]. Second, on the 

control stage, the maximum torque per ampere (MTPA) and maximum efficiency 

per ampere (MEPA) control are the latest advanced control for improving the 

drive performance [1], [7], [13]. The MTPA control has been developed by the 

improvement of analytical models [12], [14], online parameter estimation 

methods[15], and virtual signal injection methods [17]–[19]. However, the MTPA 

control aims basically to reduce only the copper losses in PMSM [20]. The MTPA 

control does not consider the other losses such as the stator iron loss and rotor 

eddy current loss. The iron losses are significant and cannot be ignored, especially 

under high–speeds [5], [21]–[23]. Besides, the MTPA control is only applicable 

over a limited speed range. In addition, the field weakening control has to be 

included above the base speed [3]. 

On the other side, the MEPA can consider the iron losses. Besides, the 

other system losses such as the inverter losses, mechanical losses, and harmonic 

iron and copper losses can be included within the control algorithm. This, in turn, 

helps to accurately estimate and improve the overall system efficiency [24]. In [8], 

[24], [25], the fundamental iron losses are considered to maximize the system 

efficiency. However, harmonic iron losses are not considered which affect the 

motor efficiency. Further efficiency improvement can be achieved by the 

consideration of fundamental and harmonic iron losses, especially in the high–

speed and light load regions [7]. 

The calculation of losses, system efficiency, and optimal current 

references depends basically on system modeling. The IPMSMs have highly 

nonlinear characteristics due to magnetic saturation, reluctance torques, and 

spatial harmonics [20], [26]. The reluctance torques cause highly nonlinear 

relationship between torque and armature current. The spatial harmonics in phase-

voltages appears as a result of reluctance torques and variation of magnetic energy 



Efficiency optimized control of permanent-magnet synchronous motors for electric vehicles… 189 

with rotor position [27], [28]. For proper efficiency control, the motor model must 

include the effects of saturation and spatial harmonics. Also, the iron losses 

(fundamental and harmonic) must be included as they affect output torque. In 

addition, for EVs, improving the overall system efficiency is more important 

compared to motor efficiency. Therefore, including the inverter losses is essential.  

This paper presents an efficiency optimization procedure for the IPMSMs 

in EVs. First, a high-fidelity machine model that considers magnetic saturation, 

spatial harmonics, and iron loss effect is accurately built. The Finite Element 

Analysis (FEA) is employed to calculate the machine characteristics. The FEA 

considers accurately the saturation and spatial harmonics as well as cross-

coupling. The model is built using an inverse solution of flux-linkage to obtain the 

currents. This is done to simplify the modeling and to avoid the derivative 

calculation. Second, the motor loss considering fundamental and harmonic iron 

losses, copper loss, mechanical loss, as well as the inverter losses are employed to 

accurately calculate the total system efficiency. Third, a searching algorithm has 

been developed to derive the optimal current angles, and hence the optimal 

efficiency over the entire speed range. Finally, a comparison between the 

proposed MEPA and the conventional MTPA techniques is given. The paper 

organization is done as follows: a high-fidelity machine model is summarized in 

Section 2 including the results of FEA and the inverse solution of currents versus 

flux-linkages. Section 3 shows the detailed analysis of system losses. Section 4 

gives the MTPA and MEPA operations for IPMSMs. The optimization procedure 

is given in Section 5. The simulation results and their discussions are in Section 6. 

Finally, Section 7 is the conclusion of this research. 

2. High-Fidelity Modeling of IPMSM 

The modeling of an IPMSM can be represented by Equations (1) - (3).  

 

(1) 

 

(2) 

 

(3) 

where vd and vq are d and q-axis components of voltage, id and iq are d and q-axis 

components of armature current, λd and λq are d and q-axis components of flux-

linkage, Rs is the stator resistance, ω is the electrical angular speed, Te is the motor 

torque, p is the number of pole pairs, J is the inertia, B is the frictional coefficient, 

and TL is the load torque. 
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The effect of magnetic saturation and spatial harmonics can be included if 

the d- and q-axis flux-linkages λd, λq become functions in d- and q-axis currents id, 

iq and rotor position θi. Thus, a machine model based on flux-linkages can be 

given by Equation (4). The electromagnetic torque, obtained from FEA, can be 

also described as a function of id, iq, and θi as given by Equation (5). This 

representation considers all the torque components as well as the cogging torque.  

 
(4) 

 
(5) 

For MTPA and MEPA control, the cost function is the average torque and 

efficiency, respectively. The efficiency estimation requires the calculation of 

average torque. Hence, the average flux-linkages and torque are used to model the 

IPMSM. They are given by Equation (6). 

 

 
 

(6) 

The flux-linkages are obtained by integrations as illustrated in Equation 

(7). 

 

 
 

(7) 

By performing inverses of Equation (6), the d- and q-axis currents are 

determined by Equation (8). 

 
(8) 

Fig. 1 shows the IPMSM model. The model is built based on the Equation 

(1) – (5). The inputs are the d- and q-axis voltages (vd, vq). The voltages are 

employed to estimate the d- and q-axis flux-linkages (λd, λq) using Equation (7). 

Then, the d- and q-axis currents (ida, iqa) are calculated based on the flux inverse 

model that is given by Equation (8). The iron losses are represented by the 

currents idf and iqf. The motor electromagnetic torque is estimated uaing Equation 

(5) as a function of ida and iqa currents. Noting that the model involves not only 

the magnetic saturation and spatial harmonic effects but also the iron loss effect. 
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Fig. 1. The schematic of IPMSM model. 

2.1. Finite Element Analysis (FEA) of IPMSM 

The FEA is widely accepted for performance evaluation and 

characteristics calculation of complex structures such as IPMSMs. The FEA is an 

accurate numerical method to estimate flux-linkage in each stator pole, developed 

torque, and self and mutual inductances. Lately, the computations of FEA are 

speeded up using the static magnetic field analysis [29]. Although the FEA offers 

higher accuracy compared to normal analytical methods, it needs the exact 

geometrical parameters and material properties. However, it presents a robust 

method to verify along with the obtained experimental results [29]. 

High accuracy magnetic characteristics can be obtained using FEA by 

proper calibration with the experimental machine. The calibration procedure 

includes a simple no-load and load tests. First, the no-load voltages, preferred at 

high speeds, are used to accurately estimate the permanent magnet (PM) flux-

linkage. Then, the coercivity of the PM material can be adjusted within FEA to 

produce the same no-load voltages. Probably, it will be decreased a bit lower than 

the manufacturer datasheets due to the manufacturing tolerances [27]. Second, the 

loading test can be done under motoring action. The motor is operated with a 

known d- and q-currents. Then, the developed torque is measured and compared 

to the estimated torque via FEA. The difference, if exists, can be adjusted by the 

BH curve of magnetic steel material. Once, the calibration procedure is 

completed, the FEA can produce the precise machine characteristics to be 

employed in machine modeling.  

Table 1 gives the structural dimension of studied 12/10 IPMSM. It also 

gives the inverter details that are used in further analysis. Fig. 2 shows the FEA 

flux lines and flux density distribution with iq=10A, id=-4A, and rotor position 

angle θi= 0˚. As noted the stator pole shoes and rotor rips have the highest flux 

densities. They are in deep saturation. Including of such details using analytical 
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methods is a very complicated task with a questioned degree of accuracy. Despite 

the small volume of pole shoes and rotor rips, they affect the motor performance.  

Fig. 3 shows the flux-linkages (λd(id, iq), λq(id, iq)) and torque Te(id, iq) as 

functions of id and iq. These data are obtained via FEA by varying id from -25 to 0 

A in steps of 1A, iq is changed from from 0 to 25 A in steps of 1A, and θi is varied 

from 0˚ (d-axis) to 72˚ (q-aixs) insteps of 1˚ (mech. degree). Then, the average 

flux-linkages and torque are obtained according to Equation (6). As seen, the flux 

linkages and torque show nonlinear relations with current. 

2.2. Inverse Solution of Currents versus Flux-linkages 

The direct and quadrature currents (id, iq) can be found based on the λd (id, 

iq) and λq (id, iq) maps. The solution of the inverse problem, in Equation (6), can 

be obtained by minimizing the folowing objective function Fobj. 
Table 1 

The major parameters of IPMSM and inverter 

Motor Parameters Inverter Parameters 

Parameter Value Parameter Value 

No. of rotor poles  10  Vceo 1.7 V 

Power  1.2 kW VDo  1.6 V 

DC link voltage 200 V Ro 0.17 mΩ 

Rated torque 5 Nm RD 0.16 mΩ 

Base speed 1500 r/min eon 350 μJ 

Number of slots  12 eoff, 175 μJ 

Stator outer diameter  120 mm err 50 μJ 

Rotor outer diameter  74 mm Vnom / Inom 600V/20A 

 

 
Fig. 2. The FEA flux lines and flux density at iq=10A, id=-4A and θi= 0˚. 
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(a) (b) 

 
(c) 

Fig. 3. The FEA-calculated (a) d-axis flux, (b) q-axis flux, (c) torque.  

 

 

 

(9) 

where, λdo and λqo are inputed d and q-axis flux-linkages, respectively. λd and λq 

are obtained from flux maps with iterative solution of id and iq. 

To minimize Fobj, an iterative process is used to find id and iq. The process 

continues until Fobj is reduced to the desired tolerance. During the process, the 

flux-linkages, λd and λq, are interpolated on the FEA-calculated flux maps. Fig. 4 

shows the obtained d and q-axis currents (id, iq).  

The accuracy of inverse model is validated based on the introduced flux 

errors. The obtained currents (id, iq), in Fig. 4, are used to estimate their 

corresponding flux-linkages by the interpolation on FEA-calculated flux maps. 

Then the obtaied flux-linkages are compared to the inputed flux-linkages that are 

used to generate the d- and q-axis currents. The obtained d and q-axis flux-linkage 

error maps are shown in Fig. 5. As noted, the maximum errors in d and q-axis 

flux-linkages are very samll and can be ignored. This also ensures a high accuracy 

of flux to current inverse solution.  
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(a) (b) 

Fig. 4. The current maps (a) d-axis current, (b) q-axis current. 

  

(a) (b) 

Fig. 5. The flux error maps (a) d-axis flux error, (b) q-axis flux error. 

3. Modeling of system losses 

This section describes the total system losses that mainly include the 

motor losses and inverter losses. 

3.1. Loss Model of PMSMs  

The motor losses are copper losses, iron losses, harmonic iron losses, and 

mechanical loss. Thus, the total motor losses, PM_loss are given by Equation (10). 

 

 

(10) 

3.1.1. Copper losses 

The fundamental copper loss of an IPMSM can be estimated by Equation 

(10). The harmonics copper losses can be ignored as the employed switching 

frequency of inverter is 10kHz [7]. 

 

 

(11) 
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3.1.2. Iron losses  

The Bertotti iron loss formula is a widely used method to evaluate the iron 

loss in electric machines. It calculates iron losses per unit volume as follows [30]. 

 

 

(12) 

where f is the frequency. Bm is the maximum value of flux density. α is a 

coefficient (α=2). The coefficients Kh, kc, and ke are for hysteresis loss, eddy 

current loss, and additional loss, respectively. 

The coefficient of eddy current loss is calculated as in Equation (13) [6]. 

 

 

(13) 

where 𝜎 is the material conductivity. kd is the lamination thickness. 

The stator iron losses are estimated using average flux density in both the 

yoke and tooth. The d- and q-axis fluxes (ϕd,q) are deduced from flux-linkages as 

follows [8]. 

 

 

(14) 

where NT is the number of phase turns. Kw is the winding factor.  

The average flux density in tooth and yoke can be derived as given by 

Equation (15).  

 

 

 

(15) 

where At and Ay are the physical areas of stator tooth and yoke, respectively. The 

Atc and Ayc represents the equivalent areas of stator tooth and yoke, respectively. Q 

is the number of slots. 

 

 

(16) 

where αi is the pole arc factor.  

The iron loss as a function of flux-linkages can be calculated using 

Equation (17), after substituting Equation (15) into Equation (12) and multiplying 

the tooth and yoke volumes. 

 
(17) 

where k1 is the coefficient of iron loss (hysteresis and eddy losses). k2 is the 

coefficient of excess iron loss.  
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(18) 

 

 

(19) 

where Vt and Vy are the total volumes of stator tooth and yoke, respectively. ht and 

hy are the heights of stator tooth and yoke, respectively. Ds is the outer diameter of 

stator.  

Without the consideration of excess loss, the equivalent iron loss 

resistance Rc is given by Equation (20). 

 

 

(20) 

The magnet eddy current loss Pmag can be estimated using Equation (21). 

 

 

(21) 

where VM is the magnet volume, bM is the magnet width, 𝜌M is the magnet 

resistivity. 

3.1.3. Harmonic iron loss  

The harmonic iron loss (Pfe_h) occurs because of the time variation of flux 

density. It is calculated as a function of ripple voltage rms, ΔVrms
2, DC link 

voltage Vdc, and modulation index m as given by Equation (22) [31]. The 

modulation index is defined as .  

 
(22) 

 

(23) 

where Vm is the peak output voltage. Kh,eddy is eddy current loss coefficient and it 

is taken as 2.3 mW/V2 [31].  

3.1.5. Mechanical loss 

Despite the mechanical losses (Pmech) do not affect the optimal current 

angle selection, it is calculated to represent the accurate system efficiency. The 

mechanical losses are calculated as a cubic function of speed as follows.  

 (24) 

where, Kmech, is the mechanical loss coefficient. 

3.2. The Inverter losses 

In general, the inverter losses are categorized as conduction losses and 

switching losses. There is also the blocking loss that can be neglected as it is a 
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very small amount [32]. The used IGBT module is IM393-X6F (600V/20A) 

intelligent power module (IPM) from Infineon Technologies. The required data of 

IGBT module can be obtained from its online datasheet. The data is also given in 

Table 1. 

3.2.1. The conduction losses 

The conduction losses are like the resistive losses. It occurs because of the 

internal resistances of IGBTs/diodes when conducting currents. These losses 

depend on current level and the junction temperature. The conduction loss of one 

IGBT (Pco-IGBT) and conduction loss for one diode (Pco-diode) in a 2-level VSI can 

be defined as in Equation (25) and Equation (26), respectively. 

 

 

(25)  

 

 

(26) 

where cosθ is the power factor. Vceo and VDo depict the threshold voltages for 

IGBT and diode, respectively. Ro and RD represent the resistances of IGBT and 

diode, respectively. 

The power factor, cosθ is calculated by Equation (27).  

 

 

(27) 

where δ is the load angle. 

The total conduction losses of inverter can be estimated by Equation (28). 

 

 

(28) 

3.2.2. The switching losses  

The switching losses are the needed amount of energy to turn-on or turn-

off any electronic switch. It is a small amount of energy but due to the huge 

number of ON and OFF times per second, the total dissipated energy cannot be 

ignored. The switching losses occur in both IGBTs and diodes. These losses 

depend on the switching frequency, junction temperature, dc link voltage, and 

current level. The switching losses of one IGBT (PSW-IGBT) and switching loss for 

one diode (PSW-diode) in a 2-level VSI can be defined by Equations (29) and (30), 

respectively [33]. 

 

 

(29)  

 

 

(30)  
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where fs is the switching frequency. eon and eoff are the required amount of energy 

to turn–on and turn–off the IGBT, respectively. err is the required amount of 

energy to turn–off the diode. Vnom and Inom are the nominal voltage and current of 

loss measurements, respectively.  

The total switching losses of inverter can be estimated by Equation (31). 

The total inverter losses can be estimated by Equation (32). 

 (31) 

 (32) 

4. MTPA and MEPA operation of IPMSMs 

The d- and q-axis current components can be written as a function of 

current angle 𝛽 and peak current magnitude, Im as follow. 

 (33) 

The main objective of MTPA is to define the best current angle 𝛽 

corresponding to the minimum current for the same torque production. It is 

equivalent to the minimization of copper loss [14]. The MTPA cannot guarantee 

the maximum system efficiency as it neglects the iron losses, which is significant 

especially at high speeds. Also, MTPA does not consider inverter losses.  

On the contrary, the objective of MEPA aims to determine the current 

angle 𝛽 that maximizes the system efficiency. The efficiency optimization 
involves the minimization of the overall system losses considering the motor 

and inverter losses. The conventional MEPA control method is given by Equation 

(34). 

 
(34) 

 (35) 

 (36) 

where ƞ, Pout, and Ploss_t are the system efficiency, output power, and total losses, 

respectively. 

The voltage and current constraints in Equation (37) must be satisfied by 

any control method.  

 
(37) 

where Vmax and Imax are the maximum permissible phase voltage and phase 

current, respectively.  
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5. The Optimization procedure  

The optimization procedure involves the determination of optimal current 

angle 𝛽 corresponding to MEPA control. 

5.1. The searching algorithm 

For the MEPA control, the objective function is the overall system 

efficiency, given by Equation (34). To achieve such goal, the machine model 

including all the loss models as well as the inverter losses are simulated in 

MATLAB Simulink environment. A steady-state model is used within the search 

procedure to save effort and time. The steady state model is illustrated in Fig. 6. 

The model employees the field-oriented control (FOC) to drive the IPMSM. The 

inputs are the speed ω, maximum current Im, and the current angle β. The 

reference d- and q-axis voltages vd
∗ and vq

∗ are produced by the PI current 

controllers. Then, they are limited according to the voltage constraints of Equation 

(37). After that, the space vector pulse width modulation (SVPWM) is employed 

to generate the switching signals (Sabc).  

       αβ
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Fig. 6. The steady-state model of system including the all kinds of losses.  

 

Fig. 7 shows the search-based procedure to determine the optimal current 

angle 𝛽 for each operating point, defined by the given motor speed ω and 

maximum current Im. First, the motor parameters based on the proposed machine 

model are entered, as well as the inverter loss model parameter. For a 

known/given motor speed ⍵ and maximum current Im, the current angle 𝛽 are 
changed from its initial value (𝛽initial) to its maximum value (𝛽max) in small steps 
of (Δ𝛽). For every angle step, the simulation model is run, and the cost function 

(system efficiency) is estimated. Then, the current angle corresponding to MEPA 

is reported as the optimal angle. To develop the complete lookup table (LUT) of 

optimal current angles, the search procedure is repeated several times according to 

the desired speed and current resolutions. In this paper, the speed is changed form 

250 r/min to 4500 r/min in steps of 250 r/min. The maximum current is changed 

form 2 A to 20 A in steps of 1 A.  
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Noting that the variation of current angle 𝛽 from 𝛽initial to 𝛽max may lead to 

impractical d- and q-axis current components (id, iq). In this case, the motor will 

not track the reference d- and q-axis currents. To guarantee proper motor 

operation, constraints are included that ensure the current components (id, iq) track 

their references properly. If the currents (id, iq) do not track their references, the 

corresponding current angle is excluded from the search for optimal 𝛽. Instead of 

using the conventional MTPA control and the FW control of Section 4 for 

comparison. This paper used the searching algorithm of Fig. 7 to define the best 

current angles for maximum torque production which is equivalent to MTPA. The 

obtained MTPA control is much better than the conventional one as it is 

developed based on the proposed high-fidelity machine model. It also involves the 

FW control. In this case, the objective function is the torque.  

Start 

β  = βinitial 

  Simulation of IPMSM MATLAB 

model, Calculate d-and q-axis 

currents (id , iq) using (1)

Enter the motor and inverter loss 

model parameters

Enter the desired speed (ω) 

Enter the desired peak current (Im)

  Calculate the total system losses 

(fundamental and harmonic motor 

losses + inverter losses) using (14 )

  Calculate the system efficiency 

Yes

β  = β + Δβ 

β ≤ βmax 

Save the data, and define the current 

angle β corresponding to MEPA

End

A

No

A
 

Fig. 7. Flowchart for the searching algorithm. 

5.2. The optimal current angles 

The obtained current angle corresponding to MEPA and MTPA are given 

in Fig. 8.  
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(a) 

 
 (b) 

Fig. 8. The optimal current angles based on, (a) MEPA control, (b) MTPA control. 

As noted, the current angle increases with increasing current due to the 

increase of iron and copper losses as well as inverter losses. Also, the current 

angle increases with increasing the speed because of the increase of iron loss.  

The motor and system efficiencies corresponding to MEPA control are 

given in Fig. 9. As seen, the efficiency increases with increasing speed. 

  
(a) (b) 

Fig. 9. The efficiency maps based MEPA control (a) motor efficiency, (b) system efficiency 

6. Results and discussions  

The results are divided to the steady state results and the dynamic results.  

6.1. The steady-state results 

Fig. 10 shows the system efficiency and output torque under the variation 

of current angle. As noted, the current angle greatly affects the generated torque 

and the system efficiency. It is also noted that the current angle corresponding to 

MEPA (𝛽MEPA) is different from the current angle corresponding to MTPA 

(𝛽MTPA). By other words, the maximum efficiency and the maximum torque do not 

occur at the same angles. The MEPA has a delayed current angle. For higher 

speed operation as in Fig. 10(b), the motor fails to operate in the range of 𝛽=0˚ to 

𝛽=4˚. This is due to the essential requirement of field weakening. Hence, negative 

id current is required beyond motor base speed (1500 r/min).  
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Table 2 gives the system efficiencies under MTPA and MEPA controls. 

As noted, the drive system efficiency is the highest under MEPA control. The 

system efficiency is 77.67% and 77.71% for MEPA and MTPA controls, 

respectively. The developed torque under MEPA is 10.05 Nm which is 0.0033 

Nm less than the MTPA control. 
 

 
(a) 

 

(b) 

Fig. 10. The system efficiency and torque investigation through current angle sweep test at: (a) 

1000 r/min and Is = 15 A, (b) 2000 r/min and Is = 6 A. 

Table 2 

Efficiency Comparison Under Each Control Strategy 

 1000 r/min and Is = 15A 2000 r/min and Is =6 A 

Efficiency Torque Efficiency Torque 

MTPA 77.6716 10.0616 91.2923 3.9436 

MEPA 77.7192 10.0583 91.3968 3.9368 

 

Fig. 11 shows the system efficiency and torque under different current 

levels. As seen, the MEPA control can provide higher efficiency. The efficiency 

changes with the current level as well as the speed. 

 

 
(a) 
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(b) 

Fig. 11. The efficiency against Im at speed of (a) 1000 r/min, (b) 1500 r/min. 

6.2. The dynamic comparative studies 

The implementation diagram of proposed dynamic MEPA control is done 

based on field-oriented control (FOC) strategy as seen in Fig. 12. The outer loop 

speed controller (PI) is employed to generate Im according to with speed error Δω. 

The optimal current angles (𝛽MEPA or 𝛽MTPA) are selected from LUTs as functions 

of ω and Im. Hence, the reference d- and q-axis currents id
∗ and iq∗ are estimated. 

The dynamic comparative study between MEPA and MTPA is conducted at 

different speeds and EV loading. The comparison between developed MEPA and 

MTPA control is given in Fig. 13-15.  
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Fig. 12. The implementation diagram of proposed MEPA control. 

The motor speed, torque, and reference current curves are given in Fig. 13. 

The reference speed is changed suddenly from 750 r/min to 1500 r/min at 0.15 

sec, then to 3000 r/min at 0.3 sec as seen in Fig. 13(a). For the two control 

strategies, the motor has a good tracking capability to its reference speed.  
 

 
(a) The motor speed 
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(b) The electromagnetic torque 

 
(c) The refrance current 

Fig. 13. The simulation results under dynamic state. 
 

The direct and quadrature currents as well as current angle are given in 

Fig. 14(a-c). As noted, the direct current with MEPA control is lower than its 

corresponding one for MTPA control as shown in Fig. 14(a). There is no big 

difference for the quadrature current as it is determined by commanded torque as 

shown in Fig. 14(b). Fig. 14(c) shows the current angle profile. A clear difference 

is observed under low-speed and light-load operations. Fig. 15 shows the motor 

and system efficiencies. As noted, the MEPA control provides the higher motor 

efficiency as well as the higher system efficiency. This is very clear by the 

zooming curves over motor and system efficiencies in Figs. 15(b, d), respectively. 
 

 
(a) The direct axis current 

 
(b) The qudrature axis current 
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(c) The current angle 

Fig. 14. The efficiency curves 

 

 
(a) The motor efficiency 

 
(b) Zoom on motor efficiency 

 
(c) The total efficiency 

 
(d) Zoom on total efficiency 

Fig. 15. The efficiency curves 
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7. Conclusions  

This paper presents a MEPA control of an IPMSM over the entire speed 

range for EV propulsion. The overall system efficency is estimated accurately 

considering all the system losses. The magnetic saturation and spatial harmonic 

effects are considered as well as the iron loss effect. The FEA is employed to 

calculate the magnetic characteristics of simulated 12/10 IPMSM. The optimal 

current angle for MEPA operation is defined through a developed searching 

algorithm. Besides, the optimal current angle for MTPA operation is also defined. 

A comparison is conducted between the MEPA control and MTPA control. The 

results show the superior performance of MEPA control. The MEPA control can 

provide higher system efficiency compared to MTPA control at low-speed and 

light-load operations. It also provides better system efficiency under higher speeds 

due to the high iron losses which is neglected by MTPA control. 
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