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Abstract—Interior permanent magnet synchronous machine 
(IPMSM) is capable of operating in field weakening region. In 
order to employ this feature, field weakening control should be 
considered in the control scheme. Furthermore, the IPMSM 
whose current characteristic is inside the current limit circle can 
operate above critical speed. This study presents a novel 
approach of achieving maximum torque per flux (MTPF) 
strategy for IPMSM to operate above critical speed. The MTPF 
equation is derived based on Lagrange’s theorem and 
implemented by MTPF bloc in the proposed control scheme 
which is based on direct torque flux control (DTFC). The 
algorithm and scheme are simple and can operate continuously 
in the both constant torque and FW regions. Hence, the scheme 
can extend the speed operating of the machine. Besides, it can 
operate in all different operating conditions and achieve 
maximum torque. The simulation results confirm the stability of 
proposed scheme. 

Keywords—interior permanent magnet synchronous 
machine (IPMSM), direct torque flux control (DTFC), field 
weakening, maximum torque per flux (MTPF). 

I. INTRODUCTION  

Due to the absence of field circuit in interior permanent 
magnet synchronous machine (IPMSM), it has high 
efficiency, simple control, high reliability, less noise in 
comparison to the others [1]. Furthermore, it has a wide 
constant power suitable for electric vehicles and home 
appliances. General control schemes are either field-oriented 
control (FOC) or direct torque control (DTC) for IPMSM [2]. 
Since DTC renders a better response time, robust to 
parameters, it is preferred for high dynamic applications [3]. 
However, conventional DTC has a variable switching 
frequency so that torque ripple and noise are significant in 
high speed [4]. Hence, a modified DTC scheme or DTC based 
space vector modulation (SVM) have been proposed to 
decrease ripple in torque and current [5,6]. The DTC based 
SVM is so called direct torque flux control (DTFC). 
Nowadays, DTFC has received paramount attention among 
researchers owing to simplicity and fast response. As IPMSM 
is able to operate in the field weakening (FW) region, various 
control schemes have been introduced to operate in FW 
region based on the DTC scheme. 

DTFC based on look-up tables (LUTs) has been 
recommended to operate in the constant torque (CT) and the 
FW regions [7,8]. In [7], proposed scheme was sensorless and 
able to operate in the maximum torque per voltage (MTPV) 
region. In [8], one variable coefficient was introduced to 

modify flux and then current references are produced based 
on inputs torque and flux. It is important to be noted that the 
LUT considered the parameter variations. In [9], although 
torque angle control was used to operate in MTPV region, 
production of flux is done by LUT. However, these schemes 
need laboratory tests to create LUT to operate in wide speed 
range. In [10,11], computational method has been introduced 
to generate flux of CT and FW regions. Moreover, MTPV 
strategy was employed without offline calculation in the 
proposed scheme. Novel approach of maximum torque per 
flux (MTPF) has been introduced based on DTFC scheme in 
[12,13]. In [12], the MTPF equation was achieved to generate 
optimum flux by using analytical method and approximation. 

In this paper, a novel technique is introduced to operate 
IPMSM in MTPF trajectory. The proposed method can 
produce the required torque for MTPF region based on 
Lagrange’s theorem. Also, the proposed scheme is based on 
DTFC and can operate in wide speed range for both motoring 
and generating operation.  

This paper is organized as follows: section II describes the 
DTFC of IPMSM to operate in wide speed range. Section III 
explains the proposed MTPF and the equation is derived. 
Section IV presents the DTFC scheme and simulation results 
are discussed in section V. And finally, the conclusion is 
highlighted in section VI.  

II. DIRECT TORQUE FLUX CONTROL BASED ON IPMSM 

A. Mathematical Equations of IPMSM 

Figure 1 shows the vector diagram which consist of the 
stationary, rotor and stator flux reference frames. The voltage 
and torque equations of IPMSM can be expressed in the rotor 
reference frame as: 

ௗݒ            = ܴ௦݅ௗ + ௗܮ ௗ௜೏ௗ௧ − ߱௘ܮ௤݅௤ ௤ݒ (1)  = ܴ௦݅௤ + ௤ܮ ݀݅௤݀ݐ + ߱௘ሺܮௗ݅ௗ +  ௠ሻ (2)ߣ

           ௘ܶ = ଷ௣ଶ ൫ߣ௠݅௤ + ൫ܮௗ −  ௤൯݅ௗ݅௤൯ (3)ܮ

where ܴ௦ , ߱௘  and p are the stator resistance, electrical 
speed and number of pole pairs, respectively; ܮௗ,ܮ௤are d-axis 
and q-axis inductances, respectively. By using reference 
frame transformation, the voltage and torque equations can 
be also derived in the stator flux reference frame as: 

௫ݒ          = ܴ௦݅௫ + ௗఒೣௗ௧ = ܴ௦݅௫ + ௗఒೞௗ௧ ௬ݒ (4)  = ܴ௦݅௬ + ߱௘ߣ௫ = 2ܴ௦3ߣ|݌௦| ௘ܶ + ߱௘ߣ௦ (5) 
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Fig. 1.  Vector diagram of IPMSM: (��) stationary reference frame, (dq) 
rotor reference frame and (xy) stator flux reference frame. 											 ௘ܶ = 2݌3  ௦|݅௬ (6)ߣ|

From (4), the control of flux is obtained by x-axis voltage. 
Besides, from (5), by using feedforward, the electromagnetic 
torque is controlled by regulating y-axis voltage.  

B. Torque and flux estimator 

As torque and flux are typically controlled in DTFC 
schemes, flux and torque must be estimated. The 
electromagnetic torque and stator flux can be estimated in the ߚߙ reference frame as follows: ߣఈ = නሺݒ௔ − ܴ௦݅ఈሻ ఉߣ (7) ݐ݀ = න൫ݒఉ − ܴ௦݅ఉ൯݀(8) ݐ 																										ߣ௦ = ටߣఈଶ + ఉଶߣ  (9) 

௘ܶ = 2݌3 ൫ߣఈ݅ఉ −  ఉ݅ఈ൯ (10)ߣ

where ݒఈఉ  and 	݅ఈఉ  are the armature voltage and current of 
motor in the stationary reference frame. Furthermore, as 
depicted in Fig. 1, ߠ௦  is determined as (11) to transform 
voltage in the stator flux reference frame to stationary frame 
for space vector modulation: ߠ௦ = tanିଵ ቆߣఉߣఈቇ (11) 

C. Voltage and Current Limitation to Operate Above Base 
Speed 

Above the base speed, motor voltage reaches its 
maximum so that it should be limited in order to operate in 
FW region. Maximum voltage of motor is determined as 
follows: ݒௗଶ + ௤ଶݒ ≤ ௠௔௫ଶݒ = ܭ ௗܸ௖ (12) 

where K depends on modulation index which is variable 
based on modulation method. Since space vector modulation 
is employed in this paper, K is equal to √3. Also, (12) is a 
ellipse in id-iq plane which will shrink with increasing speed. 
In addition to voltage, current is restricted by inverter or 
motor current by (13): ݅ௗଶ + ݅௤ଶ ≤ ௠௔௫ଶܫ  (13) 

where ܫ௠௔௫  is the maximum current of the motor and 
equation (13) is also a circle in d-q current plane. 

Fig. 2.  Constant torque curve, copper losses circle in the id-iq plane.

D. The MTPA strategy for under base speed 

In this section, MTPA strategy is employed in order to 
generate corresponding flux of maximum torque. As 
depicted in Fig. 2, the A is the point that copper loss and 
torque curves are tangent. According to Lagrange’s theorem, 
the point A guarantees the minimization of copper loss for the 
given torque [14,15]. The copper loss of IPMSM can be 
expressed in terms of d-q current as: 

௖ܲ௨ = 32ܴ௦൫݅ௗଶ + ݅௤ଶ൯ (14) 

 By applying the gradient approach and using (3) and (14), 
MTPA equation is derived as: ݕ = ߲ ௘߲ܶ݅ௗ × ߲ ௖ܲ௨߲݅௤ − ߲ ௘߲ܶ݅௤ × ߲ ௖ܲ௨߲݅ௗ = 0 (15) 

By substituting and calculating on (15), we have: ൫ܮௗ − ௤൯݅௤ଶܮ − ௠݅ௗߣ − ൫ܮௗ − ௤൯݅ௗଶܮ = 0 (16) 
By realization (16), the flux of MTPA is produced. It 

should be noted that as far as machine operates below rated 
speed, MTPA is utilized and therefore flux is constant. Also, 
maximum torque of machine in any state of operation can be 
calculated as:  

௟ܶ௜௠௜௧௔௧௜௢௡ = 2݌3 ௠௔௫ଶܫ௦|ඥߣ| − ݅௫ଶ (17) 

      where ݅௫ and |ߣ௦| are x component of stator current in the 
stator reference frame and flux magnitude, respectively. 

E. The FW strategy for above base speed 

     As motor reaches base speed, the voltage of motor 
becomes maximum and so voltage is not able to be controlled. 
Therefore, flux should reduce in order to control the motor in 
FW region.  ߣ௦ = ௠ܸ௔௫߱௘ = ܭ ௗܸ௖ − ܴ௦ܫ௠௔௫߱௘  (18) 

       In addition to the flux reduction, maximum torque starts 
to reduce as (17) in FW region.  

Fig. 3.  Constant torque curve, stator flux limit circle in the ߣௗ − .௤ planeߣ
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Fig. 4.  Proposed control based on DTFC scheme. 

III. PROPOSED MTPF STRATEGY FOR ABOVE CRITICAL SPEED 

      In order to increase speed above the critical speed, MTPF 
strategy should be used. Furthermore, output power of 
machine starts to decrease. Indeed, MTPF maximize the ratio 
of torque to flux. Hence, the stator flux limit equals to: ߣௗଶ + ௤ଶߣ ≤ ௠௔௫ଶߣ = ௠ܸ௔௫ଶ߱

௘ଶ  (19) 

      By substituting ݅ௗ = ఒ೏ିఒ೘௅೏ , ݅௤ = ఒ೜௅೜  into the (3), the 

electromagnetic torque is derived in terms of ߣௗ and ߣ௤: 

௘ܶ = 2݌3 × ௤ܮௗܮ௤ߣ ൫ߣ௠ܮ௤ + ൫ܮௗ −  ௗ൯ (20)ߣ௤൯ܮ

    Equation (19) represents circle in ߣௗ − ௤ߣ  plane which 
will shrink with increasing speed. The tangent of torque curve 
and the flux limit is demonstrated in Fig. 3 at point B. Based 
on Lagrange’s theorem, the maximum torque is achieved for 
a given flux above critical speed. According to gradient 
approach and using (20) and ߣ௦ଶ = ௗଶߣ + ௤ଶߣ , MTPF equation 
is given as: ݖ = ߲ ௘߲ܶߣௗ × ௤ߣ௦|ଶ߲ߣ|߲ − ߲ ௘߲ܶߣ௤ × ௗߣ௦|ଶ߲ߣ|߲  (21) 

   By replacing and doing simplification, (22) is expressed as 
MTPF: ߣ௤ଶ൫ܮௗ − ௤൯ܮ − ௗܮௗଶ൫ߣ − ௤൯ܮ − ௤ܮ௠ߣௗߣ = 0 (22) 
   As (22) is regulated by PI, torque limitation equals to: ሺ ௟ܶ௜௠௜௧௔௧௜௢௡ሻெ்௉ி = ௟ܶ௜௠௜௧௔௧௜௢௡ + ∆ ௘ܶ (23) 

    where ∆ ௘ܶ  is the output of the PI controller. Until motor 
operates below critical speed, ∆ ௘ܶ is zero because of using 
negative saturation. However, ∆ ௘ܶ is a negative value beyond 
the critical sped which is variable with increasing speed. It is 
important to be noted that MTPF is only implemented in the 
motor whose characteristic current (ߣ௠ ⁄ௗܮ ) is inside the 
current limit circle. 

IV. PROPOSED CONTROL SCHEME 

The overall block diagram of the proposed scheme is 
illustrated in Fig. 4. The proposed scheme can operate 
continuously in both mode of operating without using LUT. 
In contrast to conventional DTFC, switching frequency of 
DTFC-SVM is constant. Hence, torque ripple is insignificant 

in comparison to conventional DTFC in wide speed range. 
The x-y voltages are produced by flux and torque controller, 
respectively. According to proposed method which has been 
discussed in previous section, stator flux of MTPA (16) and 
FW (18) strategies are generated and being selected their 
minimum. As shown in Fig. 4, the reference torque, which is 
generated by the PI speed controller, is limited by anti-
windup structure. Under base speed, the limitation of torque 
is in its maximum value and reference flux is constant. For 
above base speed, FW flux is chosen so that flux starts to 
decrease. In this regard, torque limitation also starts to 
decrease. Above critical speed, the MTPF bloc is activated so 
that limitation of torque decreases further. It is worth 
mentioning that saturation of MTPF bloc is − ௠ܶ௔௫. Besides, 
the proposed scheme can operate in all four quadrants with 
maximum torque of motor. Furthermore, it is able to switch 
automatically between two regions and works analytically.  

V. SIMULATION RESULTS 

The simulation is done in order to evaluate the proposed 
scheme and novel approach of MTPF. The parameter of 
tested motor is given in Table 1. As it is seen, the ߣ௠ ⁄ௗܮ is 
inside the current limit circle so that MTPF strategy can be 
implemented in this motor. The proposed control scheme is 
simulated in PLECS environment. The simulation results are 
demonstrated in Figs 5-13. The section one of the simulation 
investigates the performance of proposed control scheme 
under base speed from Fig. 5 to Fig. 7. Fig. 7 demonstrates 
the variation of MTPA bloc variables. Fig. 8 to Fig. 13 shows 
the next simulation which is the acceleration of IPMSM from 
0 to 5000rpm under the load of 0.1 N.m. As shown in Fig .8 
and 9, motor can track the speed reference while maximum 
achievable torque is also obtained in the wide speed range. 
Below base speed, bloc 1 is disable because of negative 
saturation and torque is in its maximum value.  Once motor 
crosses the base speed, the torque limitation starts to decrease. 
However, bloc 1 is still inactive until critical speed which is 
3200 rpm. In addition to torque, flux decreases in this time as 
shown in Fig. 10. As motor crosses the critical speed, bloc 1 
is enable automatically and generate negative torque. 
Furthermore, the torque speed characteristic is shown in Fig. 
11. It proves that the proposed scheme can switch from CT, 
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FW and MTPF smoothly. Also, magnitude of voltages is 
demonstrated in Fig. 12. In the FW and MTPF regions, the 
maximum voltage utilization of dc-link is achieved according 
to Fig. 12. Besides, zero input, feedback that is MTPF 
equation and the output of bloc 1 is depicted in Fig. 13. It is 
important to be noted that operating point returns to MTPA 
strategy as motor reaches the reference speed.  

Table 1.  The parameter of simulated IPMSM. 

Parameters                                                           Value (Unit) 
Stator phase resistance (࢙ࡾ)                                                                   18.6 (Ω) 

Number of pole pairs                                                                               2 

Magnet flux linkage                                                                              0.18 (Wb) 

d-axis inductance (ࢊࡸ)                                                                          0.238   H 

q-axis inductance (ࢗࡸ)                                                                          0.5128 H 

Moment of inertia                                                                          0.00117 Kg.݉ଶ 

Friction Coefficient                                                                      0.00029 Nm/rad/s   

Rated speed                                                                                          1500 (rpm) 

Rated current of inverter                                                                      1.28 (A) 

Maximum phase voltage                                                                      178 (V) 

Switching frequency                                                                            20 (kHz) 

DC link voltage                                                                                    310 (V) 

Maximum Torque                                                                                  1.2 (N.m) 

Fig. 5. The performance of motor speed under the rated speed 

 

Fig. 6. The simulation result of torque under the base speed 

Fig. 7.  The variation of MTPA controller variables 

Fig. 8. The simulation result of speed response for the acceleration from 
0 to 5000rpm

Fig. 9. The simulation result of torque characteristic  

Fig. 10.  The variation of flux during acceleration 
 

Fig. 11.  Torque-speed characteristic under the 0.1 load torque

Fig. 12.  The simulation result of voltage amplitude 
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Fig. 13.  Variation of bloc .1 variables during acceleration  

VI. CONCLUSION 

A novel method to generate required torque to track MTPF 
has been investigated in this paper. Indeed, the torque to flux 
ratio is maximized based on Lagrange’s theorem in order to 
operate above critical speed. Then, the MTPF expression was 
obtained by gradient method. Moreover, the control method 
is based on DTFC and pre-experimental result is not needed 
to generate corresponding flux. The proposed scheme can 
control motor automatically above critical speed. It is 
suggested to consider saturation in the experimental test, 
which is the future scope, to increase the accuracy. The 
simulation was realized to prove the stability behavior of the 
proposed control scheme.  
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