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MAXIMUM TORQUE PER AMPERE CONTROL OF INTERIOR PERMANENT MAGNET  

 

SYNCHRONOUS MOTOR VIA OPTIMAL CURRENT EXCITATION 

 

Taowen Chen, MS 

The University of Texas at Dallas, 2019 

 

ABSTRACT 

 

 

 Supervising Professor:  Dr. Babak Fahimi 

 

 

 

 

This research focuses on the optimal current excitation of interior permanent magnet synchronous 

motors (IPMSM) with non-sinusoidal back electromotive-force (BEMF) for maximum torque per 

ampere (MTPA) control. In this thesis, an analytical expression for average torque in IPMSM as 

well as a closed form for optimal current excitation are presented, the optimal current is presented 

as a function of each current harmonics with different magnitude and frequency to render a better 

understanding of torque generation in IPMSM, hysteresis current control has been used for current 

injection in IPMSM, prototype development and testing process have been discussed, validation 

through both simulation and experimental results with detailed analysis are provided. 
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CHAPTER 1 

INTRODUCTION 

1.1 Background 

Among different types of electric motors, permanent magnet synchronous motors (PMSM) are 

popular due to high-power density, high-torque-to-inertia ratio, and wide speed range in constant 

power region [1]. With the existence of the permanent magnet, the requirement of rotor current for 

rotor field generation can be eliminated, which ensures a higher efficiency operation. Brushless 

operations free this type of motor from the high maintenance cost and the price of the brushes, 

there are lots of applications where PMSMs plays an important role such as air-conditioner 

compressor, electric vehicles, home appliances etc. 

PMSMs are divided into two main categories (shown in Figure 1.1 (a) and (b)) based on the 

location of the permanent magnet on the rotor, one of these is the surface-mounted permanent 

magnet synchronous motor (SPMSM), magnets are attached on the surface of the rotor. The other 

one is the interior permanent magnet motor (IPMSM), in which the magnets are buried inside the 

rotor, the buried structure makes IPMSM robust for high speed application, however, this will also 

cause the IPMSM to exhibit magnetic saliency in dq0 reference frame[2], since the permanent 

magnets are buried in the d-axis, the inductance in q-axis is larger than that in d-axis, the difference 

in inductances between d-axis and q-axis contributes to an additional torque component, reluctance 

torque. 

The torque generated in IPMSM is comprised of two components, the electromagnetic torque 

and the reluctance torque, the former one is proportional to the q-axis current, and the ladder one 

is proportional to the product of product of d-axis and q-axis current, so, different current vectors 
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can be selected to produce the same amount of torque. Among these current vectors, the one with 

the minimum magnitude is called the maximum torque per ampere (MTPA) current[3]. 

 

 

 

 

 

 

 

            

                                 (a)                                                                       (b) 

Figure 1.1. (a) Surface-Mounted PMSM (b) Interior PMSM 

1.2  Literature review 

1.2.1 PMSM Control 

The phase voltage and current in PMSM can be represented as following 

[𝐹𝑎 𝐹𝑏 𝐹𝑐]
𝑇 = [𝐹𝑚𝑐𝑜𝑠(𝜃)   𝐹𝑚𝑐𝑜𝑠 (𝜃 −

2

3
𝜋)   𝐹𝑚cos (𝜃 +

2

3
𝜋)]𝑇         (1 − 1)                       

where Fa, Fb and Fc are the current or voltage components, Fm is the magnitude of those 

component, θ is the electrical rotor position. 

The most popular way for PMSM control is Field-oriented Control (FOC), which focuses on 

decoupling the three-phase stator currents into a magnetic field generating component and torque 

generating component. By controlling the two components separately, PMSM can be controlled 
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like a DC motor. The decoupling consists a projection called abc to dq0 transformation (shown in 

Figure 2), the transformation is presented in equation (1-2) 

 

 

 

 

 

 

 

 

Figure 1.2. Projection from abc to dq 

 

[

𝐹𝑑

𝐹𝑞

𝐹0

] =

[
 
 
 
 sin(𝜃) 𝑠𝑖𝑛 (𝜃 −

2

3
𝜋) 𝑠𝑖𝑛 (𝜃 +

2

3
𝜋) 

𝑐𝑜𝑠(𝜃) 𝑐𝑜𝑠 (𝜃 −
2

3
𝜋) 𝑐𝑜𝑠 (𝜃 +

2

3
𝜋) 

1

2

1

2

1

2 ]
 
 
 
 

[

𝐹𝑎

𝐹𝑏

𝐹𝑐

]                      (1 − 2)                            

where Fd and Fq are the vectors projected on direct and quadrature axis. By controlling the 

components in d-axis and q-axis, PMSM can be controlled. 

1.2.2 MTPA Control 

Considerable studies have been done on the control of IPMSM in MTPA control, in [4][5][6], the 

calculation of MTPA point was done by using nominal motor parameters, with a phase angel in 

the armature current, the MTPA control is achieved, nevertheless, the parameters of the motor 

might change due to several factors, for example, the temperature will change the value of 

resistance and permanent magnet flux linkage[7], Lq, the inductance in q-axis, whose value will 
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also change with different current magnitude and current phase angel[8]. Approaches of on-line 

motor parameter estimation to compensate the parameter variations have been proposed and 

validated in reference [9]-[11]. The work mentioned above is based on the relationship between 

the current in d-axis and q-axis shown in Equation (1-3) 

𝑖𝑑 =
∅𝑀

2(𝐿𝑑 − 𝐿𝑞)
− √

∅𝑀
2

4(𝐿𝑑 − 𝐿𝑞)
2 + 𝑖𝑞

2                                              (1 − 3) 

Where ∅M is the flux linkage created by the permanent magnet, Ld, Lq are the inductances in dq0 

frame of reference. 

Besides, some researchers focus on the back electromotive-force (BEMF) to find the optimal 

current for MTPA operation. It is often the case that permanent magnet (PM) motors with 

sinusoidal back electromotive force (BEMF) are excited by sinusoidal current [12], and PM motors 

with trapezoidal BEMF are excited with rectangular current [13]. However, the practical BEMF 

can merely approximate the ideal scenarios mentioned above and more attention should be given 

to the PM motors with non-sinusoidal BEMF.  

    Considerable work has been done in the area of optimal current excitation to address the problem 

mentioned above. In [14]-[16], optimal current was calculated and injected in a surface-mounted 

permanent magnet synchronous motor to achieve MTPA. In reference [17], [18] and [19], optimal 

current was fed into the IPMSM and brushless DC (BLDC) motor. In [20], the expression for 

optimal current was presented as a function of each current harmonic with different magnitude and 

frequency, this method of calculating optimal current for MTPA not only applies to PMSMs but 

also synchronous reluctance machine. 
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Since the optimal current for MTPA control always includes high order current harmonics if the 

motor exhibits non-sinusoidal BEMF, in [21], optimal current was injected into IPMSM by using 

vector control, in [22] hysteresis current control was used to construct the optimal current, in [23] 

and [24], inverter topology has been modified (shown in Figure 3)  by adding a fourth branch 

connecting to the motor neutral point to allow a third-order harmonic current in the system. 

 

Figure 1.3. Modified Inverter Topology 

1.3 Objective of Thesis 

Since the saliency of the rotor, an additional reluctance torque exists in the IPMSM, moreover, the 

traditional way of MTPA control only applies to the case in which IPMSM are exhibiting 

sinusoidal BEMF, so the higher order current harmonics are ignored in most of the work, the 

objective of the thesis is to provide a general solution to find the optimal current for MTPA control 

in IPMSM, rather than using vector control for current harmonic injection, inverter topology in 

Figure 2 is designed and the hysteresis current control is used for feed the IPMSM with the optimal 

current. 
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1.4 Organization of Thesis 

The model of IPM and the detailed derivation of optimal current for MTPA control will be 

presented in Chapter 2. Numerical analysis and case study with Finite Element Analysis (FEA) 

simulation results in will be discussed to validate the method mentioned in Chapter 3. 

Experimental setup description and some procedures for implementation the MTPA control will 

be discussed in Chapter 4. Conclusion is given in Chapter 5. 
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CHAPTER 2 

MTPA CONTROL IN IPMSM 

2.1 Basic Model of IPMSM 

IPMSM can be modeled in a 3-phase frame of reference, assuming the leakage inductance is 

neglected, and the electrical angel between d-axis and phase A is defined as rotor electrical position 

θ, the phase inductance can be considered as a function of rotor electrical position θ, since the 

reluctance of the rotor change with rotor position, according to [2], the phase self-inductance can 

be expressed as following: 

𝐿𝑎(𝜃) = 𝐿𝐴 − 𝐿𝐵𝑐𝑜𝑠2(𝜃)                                                             (2 − 1) 

𝐿𝑏(𝜃) = 𝐿𝐴 − 𝐿𝐵𝑐𝑜𝑠2 (𝜃 −
𝜋

3
)                                                    (2 − 2) 

𝐿𝑏(𝜃) = 𝐿𝐴 − 𝐿𝐵𝑐𝑜𝑠2 (𝜃 +
𝜋

3
)                                                    (2 − 3) 

    the mutual inductances between different phases can be expressed as: 

𝐿𝑎𝑏(𝜃) = −
1

2
𝐿𝐴 − 𝐿𝐵𝑐𝑜𝑠2 (𝜃 −

2𝜋

3
)                                          (2 − 4) 

𝐿𝑐𝑎(𝜃) = −
1

2
𝐿𝐴 − 𝐿𝐵𝑐𝑜𝑠2 (𝜃 +

2𝜋

3
)                                          (2 − 5) 

𝐿𝑏𝑐(𝜃) = −
1

2
𝐿𝐴 − 𝐿𝐵𝑐𝑜𝑠2(𝜃)                                                       (2 − 6) 

The flux produced by the permanent magnet is shown as: 

𝜙𝑎(𝜃) = 𝜙𝑚𝑐𝑜𝑠(𝜃)                                                                           (2 − 7) 

𝜙𝑏(𝜃) = 𝜙𝑚𝑐𝑜𝑠 (𝜃 −
2𝜋

3
)                                                              (2 − 8) 
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𝜙𝑐(𝜃) = 𝜙𝑚𝑐𝑜𝑠 (𝜃 +
2𝜋

3
)                                                            (2 − 9) 

  the motor equation can be written in a three-phase model shown in 2-10. 

[

𝑣𝑎

𝑣𝑏

𝑣𝑐

] = [

𝑅𝑎 0 0
0 𝑅𝑏 0
0 0 𝑅𝑐

] [
𝑖𝑎
𝑖𝑏
𝑖𝑐

] +
𝑑

𝑑𝑡
[

𝐿𝑎(𝜃𝑟) 𝐿𝑎𝑏(𝜃𝑟) 𝐿𝑐𝑎(𝜃𝑟)

𝐿𝑎𝑏(𝜃𝑟) 𝐿𝑏(𝜃𝑟) 𝐿𝑏𝑐(𝜃𝑟)

𝐿𝑐𝑎(𝜃𝑟) 𝐿𝑏𝑐(𝜃𝑟) 𝐿𝑐(𝜃𝑟)
] [

𝑖𝑎
𝑖𝑏
𝑖𝑐

] +
𝑑

𝑑𝑡
[

𝜙𝑎(𝜃𝑟)

𝜙𝑏(𝜃𝑟)

𝜙𝑐(𝜃𝑟)
] (2 − 10)    

2.2 Average Torque Derivation in IPMSM 

Due to the structure of the IPMSM, permanent magnets are buried inside the rotor, thereby 

introducing a saliency to the motor and furthermore creating reluctance torque in IPMSM. Thus, 

the total output torque of IPMSM consists of two parts, the electromagnetic reaction torque and 

the reluctance torque. The BEMF and flux linkage of the IPMSM can be presented by the following 

Fourier series 

𝐸𝑎(𝜃) = ∑𝐸𝑘𝑐𝑜𝑠𝑘(𝜃) 

+∞

−∞

                                                                     (2 − 11) 

    𝐸𝑏(𝜃) = ∑𝐸𝑘𝑐𝑜𝑠𝑘 (𝜃 −
2𝜋

3
) 

+∞

−∞

                                                        (2 − 12) 

𝐸𝑐(𝜃) = ∑𝐸𝑘𝑐𝑜𝑠𝑘 (𝜃 −
2𝜋

3
) 

+∞

−∞

                                                        (2 − 13) 

𝜆𝑎(𝜃) = ∑𝜆𝑘𝑠𝑖𝑛𝑘(𝜃) 

+∞

−∞

                                                                     (2 − 14) 

    𝜆𝑏(𝜃) = ∑𝜆𝑘𝑠𝑖𝑛𝑘 (𝜃 −
2𝜋

3
) 

+∞

−∞

                                                        (2 − 15) 
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𝜆𝑐(𝜃) = ∑𝜆𝑘𝑠𝑖𝑛𝑘 (𝜃 −
2𝜋

3
) 

+∞

−∞

                                                        (2 − 16) 

   According to [20], the phase current can be presented as  

                           𝐼𝑎(𝜃) = ∑ [𝐼𝛼𝑘 cos 𝑘(𝜃) + 𝐼𝛽𝑘 sin 𝑘 (𝜃)]                                           +∞
−∞ (2 − 17) 

                           𝐼𝑏(𝜃) = ∑ [𝐼𝛼𝑘 cos 𝑘 (𝜃 −
2

3
𝜋) + 𝐼𝛽𝑘 sin 𝑘 (𝜃 −

2

3
𝜋)]                    (2 − 18)+∞

−∞                        

                          𝐼𝑐(𝜃) = ∑ [𝐼𝛼𝑘 cos 𝑘 (𝜃 +
2

3
𝜋) + 𝐼𝛽𝑘 sin 𝑘 (𝜃 +

2

3
𝜋)]                    (2 − 19)+∞

−∞                        

   In which Ek, λk, Iαk and Iβk are the Fourier coefficients of kth order harmonic. 

   The average electromagnetic torque (only two-pole machine is considered here) over one 

electrical cycle is given by: 

𝑇𝑎𝑣𝑒 =
1

2𝜋𝑤𝑚
∫ 𝐸𝑎(𝜃) 𝐼𝑎(𝜃) + 𝐸𝑏(𝜃) 𝐼𝑏(𝜃) + 𝐸𝑐(𝜃) 𝐼𝑐(𝜃)

2𝜋

0

 𝑑𝜃              

=
3

2𝜋𝑤𝑚
∫

𝑑𝜆𝑘(𝜃)

𝑑𝑡

2𝜋

0
 𝐼𝑎(𝜃)𝑑𝜃                                                                        

=
3

2𝜋𝑤𝑚
∫

𝑑𝜆𝑘(𝜃)

𝑑𝜃

2𝜋

0

 
𝑑𝜃

𝑑𝑡
𝐼𝑎(𝜃)𝑑𝜃                                                        

=
3

2𝜋𝑤𝑚
∫

𝑑𝜆𝑘(𝜃)

𝑑𝜃

2𝜋

0

 𝑤𝑚𝐼𝑎(𝜃)𝑑𝜃                                                        

=
3

2𝜋
 ∫ 𝐼𝑎(𝜃)𝑑𝜆𝑘(𝜃)

2𝜋

0

                                                                           

=∑
3

2𝜋
 ∫ 𝐼𝛼𝑘  𝜆𝑘 cos 𝑘(𝜃) cos 𝑘(𝜃) 𝑑

2𝜋

0
𝑘𝜃+∞

−∞                                       

      =
3

2
 ∑ 𝐼𝛼𝑘 𝜆𝑘

+∞
−∞                                                                              (2 − 20) 

    Where wm is the rotor mechanical speed. From Equation 2-20, it can be observed that all the 

harmonics in flux linkage (or BEMF) contribute to the average torque production. 
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    The average reluctance torque [25] is expressed by  

𝑇𝑟𝑒𝑙 =
1

2
𝐼𝑎(𝜃)2

𝑑𝐿𝑎(𝜃)

𝑑𝜃
+

1

2
𝐼𝑏(𝜃)2

𝑑𝐿𝑏(𝜃)

𝑑𝜃
+

1

2
𝐼𝑐(𝜃)2

𝑑𝐿𝑐(𝜃)

𝑑𝜃
+ 𝐼𝑎(𝜃)𝐼𝑏(𝜃)

𝑑𝐿𝑎𝑏(𝜃)

𝑑𝜃
+ 

𝐼𝑏(𝜃)𝐼𝑐(𝜃)
𝑑𝐿𝑏𝑐(𝜃)

𝑑𝜃
+ 𝐼𝑐(𝜃)𝐼𝑎(𝜃)

𝑑𝐿𝑐𝑎(𝜃)

𝑑𝜃
                                     (2 − 21) 

By plugging in the Equation (2-1) to (2-6) and (2-14) to (2-16) into (2-21), the following torque 

equation (2-22) is obtained. The reluctance torque can be separated into two parts, one is the torque 

component from self-inductance, and another part comes from mutual-inductance [20]. 

𝑇𝑟𝑒𝑙 = (𝐼𝑎(𝜃)2 + 2𝐼𝑏(𝜃)𝐼𝑐(𝜃))𝐿𝐵𝑠𝑖𝑛2(𝜃) +  (𝐼𝑏(𝜃)2 + 2𝐼𝑎(𝜃)𝐼𝑐(𝜃))𝐿𝐵𝑠𝑖𝑛2 (𝜃 +
2

3
𝜋) 

+(𝐼𝑐(𝜃)2 + 2𝐼𝑎(𝜃)𝐼𝑏(𝜃))𝐿𝐵𝑠𝑖𝑛2 (𝜃 +
2

3
𝜋)                           (2 − 22) 

The average reluctance torque due to the self-inductance can be expressed by 

𝑇𝑟𝑠𝑒𝑙𝑓
=

1

𝜋
∫ 𝐼𝑎(𝜃)2𝐿𝐵𝑠𝑖𝑛2(𝜃) + 𝐼𝑏(𝜃)2

𝜋

0

𝐿𝐵𝑠𝑖𝑛2 (𝜃 −
2

3
𝜋) 

+𝐼𝑐(𝜃)2𝐿𝐵𝑠𝑖𝑛2 (𝜃 +
2

3
𝜋) 𝑑𝜃                                               (2 − 23) 

   Since the IPMSM is a three-phase balanced system, the above average reluctance torque can be 

simplified as  

𝑇𝑟𝑠𝑒𝑙𝑓
=

3𝐿𝐵

𝜋
∫ 𝐼𝑎(𝜃)2𝑠𝑖𝑛2(𝜃)

𝜋

0
𝑑𝜃                                    (2 − 24)                                         

Due to the orthogonality of sine function, when (Ia(θ))2 equals to ±Psin2(θ), where P determines 

the magnitude of the sine function, then value of the whole integration is not zero and further 

simplification can be made to the average torque equation. 

Since ±sin2(θ) can be expressed as sin[k+(2-k)]θ and sin[k+(-2-k)]θ, by selecting the 

corresponding current harmonics according to the above principle, the equation is simplified as  
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For 𝑘 = 3𝑛, 𝑛 = 0,±1,±2,… 

𝑇𝑟𝑠𝑒𝑙𝑓
=

2𝐿𝐵

𝜋
∫ 𝐼𝑎(𝜃)2[𝑠𝑖𝑛2(𝜃) +

𝜋

0

𝑠𝑖𝑛2 (𝜃 −
2

3
𝜋) + 𝑠𝑖𝑛2 (𝜃 +

2

3
𝜋)] 𝑑𝜃 = 0    (2 − 25) 

 For 𝑘 ≠ 3𝑛, 𝑛 = 0,±1,±2,… 

𝑇𝑟𝑠𝑒𝑙𝑓
=

3𝐿𝐵

𝜋
∫ 𝑃𝑠𝑖𝑛2(𝜃)2

𝜋

0

𝑑𝜃 

=
3𝐿𝐵

𝜋
∫ 𝑃

𝜋

0

1 − 𝑐𝑜𝑠4(𝜃)

2
𝑑𝜃 

=
3𝐿𝐵

2
𝑃                                                                                  (2 − 26) 

𝑇𝑟𝑚𝑢
= {

3𝐿𝐵𝑃
           

0

             

   
    𝑤ℎ𝑖𝑙𝑒 𝑘 ≠ 3𝑛, 𝑛 = 0,±1,±2,…

                                                                    
     𝑤ℎ𝑖𝑙𝑒 𝑘 = 3𝑛, 𝑛 = 0,±1,±2,…

                  (2 − 27) 

   In which 𝑃 = ∑ [(𝐼𝛼𝑘𝐼𝛽(2−𝑘))
+∞
−∞ − (𝐼𝛼𝑘𝐼𝛽(−2−𝑘))] , the first term is for positive torque 

production, and the second is for the negative torque production. 

   The average reluctance torque due to the mutual-inductance can be expressed by 

𝑇𝑟𝑚𝑢
=

1

𝜋
∫ 2𝐼𝑏(𝜃)𝐼𝑐(𝜃)𝐿𝐵𝑠𝑖𝑛2(𝜃) + 2𝐼𝑎(𝜃)𝐼𝑐(𝜃)

𝜋

0

𝐿𝐵𝑠𝑖𝑛2 (𝜃 −
2

3
𝜋) 

+2𝐼𝑎(𝜃)𝐼𝑏(𝜃)𝐿𝐵𝑠𝑖𝑛2 (𝜃 +
2

3
𝜋) 𝑑𝜃                                      (2 − 28) 

By applying the same method, further simplification can be given by: 

For 𝑘 = 3𝑛, 𝑛 = 0,±1,±2,… 

𝑇𝑟𝑚𝑢
=

2𝐿𝐵

𝜋
∫ 𝐼𝑎(𝜃)2[𝑠𝑖𝑛2(𝜃) +

𝜋

0

𝑠𝑖𝑛2 (𝜃 −
2

3
𝜋) + 𝑠𝑖𝑛2 (𝜃 +

2

3
𝜋)] 𝑑𝜃 = 0    (2 − 29) 

 For 𝑘 ≠ 3𝑛, 𝑛 = 0,±1,±2,… 
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𝑇𝑟𝑠𝑒𝑙𝑓
=

6𝐿𝐵

𝜋
∫ 𝑃𝑠𝑖𝑛2(𝜃)2

𝜋

0

𝑑𝜃 

=
6𝐿𝐵

𝜋
∫ 𝑃

𝜋

0

1 − 𝑐𝑜𝑠4(𝜃)

2
𝑑𝜃 

= 3𝐿𝐵𝑃                                                                                  (2 − 30) 

𝑇𝑟𝑚𝑢
= {

3𝐿𝐵𝑃
           

0

             

   
    𝑤ℎ𝑖𝑙𝑒 𝑘 ≠ 3𝑛, 𝑛 = 0,±1,±2,…

                                                                    
     𝑤ℎ𝑖𝑙𝑒 𝑘 = 3𝑛, 𝑛 = 0,±1,±2,…

                  (2 − 31) 

    In which 𝑃 = ∑ [(𝐼𝛼𝑘𝐼𝛽(2−𝑘))
+∞
−∞ − (𝐼𝛼𝑘𝐼𝛽(−2−𝑘))], and the total average torque can be given by 

equation (2-32). 

𝑇𝑎𝑣𝑔=

3

2
∑ {(𝐼𝛼𝑘 𝜆𝑘) + 3

+∞

−∞
𝐿𝐵[(𝐼𝛼𝑘𝐼𝛽(2−𝑘)) − (𝐼𝛼𝑘𝐼𝛽(−2−𝑘))] }                 (2 − 32) 

In the above equation, certain combinations of current harmonics can be selected to produce a 

non-zero average reluctance torque, however, the parts that contribute to the negative torque 

should be eliminated from the equation if the maximum torque production is desired, secondly, as 

mentioned from the previous when k=3n, n=0, ±1, ±2, …, the average reluctance torque should be 

zero, so for those current harmonic components that do not contribute to the average torque 

production, the corresponding current harmonic magnitude should be set to zero, finally, 

considering in the bandwidth practical drive system and the possibility for real-time 

implementation, certain restrictions should be set to the current band. Therefore, the following 

limitations are made: 

• The current band is set to be M 

• For k=3n, n=0, ±1, ±2, …, k ∈ (-M, M), Iβ(2-k) =0 

• For k ∈ (-M, M), Iβ(2-k) =0 
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    By applying all the restrictions, the total average torque is expressed by 

𝑇𝑎𝑣𝑔 =
3

2
𝑝 ∑ [(𝐼𝛼𝑘 𝜆𝑘) + 3

+𝑀

−𝑀
𝐿𝐵(𝐼𝛼𝑘𝐼𝛽(2−𝑘))]                                (2 − 33) 

For 𝑘 = 3𝑛, 𝑛 = 0,±1,±2, … , 𝑘 ∈ (−𝑀,𝑀), 𝐼𝛽(2−𝑘) = 0 

    where p is the number of magnetic pole pairs, 𝐿𝐵 equals to (Ld-Lq)/3 in dq0 frame of references.  

2.3 Maximum Torque per Ampere Solution for IPMSM 

The MTPA solution can be achieved by using Lagrange optimization method, the MTPA problem 

is defined as to find the optimal current such that Tavg can be maximum, subject to the constant 

current limit show in (2-34). 

3

2
∑ (𝐼𝛼𝑘

2 + 𝐼𝛽(2−𝑘)
2)

+𝑀

−𝑀
= 𝐶                                      (2 − 34) 

Therefore, the Lagrange equation can be defined as  

𝑓(𝐼𝛼𝑘, 𝐼𝛽(2−𝑘), 𝜀) 

=
3

2
∑ [(𝐼𝛼𝑘 𝜆𝑘) + 3

+𝑀

−𝑀
𝐿𝐵(𝐼𝛼𝑘𝐼𝛽(2−𝑘))] + 𝜀 (

3

2
∑ (𝐼𝛼𝑘

2 + 𝐼𝛽(2−𝑘)
2)

+𝑀

−𝑀
− 𝐶)  (2 − 35)  

The optimal current can be obtained by taking the partial derivative of f, the following 

condition should be met. 

𝜕𝑓

𝜕𝐼𝛼𝑘
= 0                                                                        (2 − 36) 

𝜕𝑓

𝜕𝐼(2−𝑘)
= 0                                                                     (2 − 37) 

𝜕𝑓

𝜕𝜀
= 0                                                                          (2 − 38) 

For 𝑘 = 3𝑛 
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𝐼𝛼𝑘 =
− 𝜆𝑘

2𝜀
                                                                      (2 − 39) 

𝐼𝛽(2−𝑘) = 0                                                                      (2 − 40) 

For 𝑘 ≠ 3𝑛 

𝐼𝛼𝑘 =
− 2𝜆𝑘𝜀

4𝜀2 − 9𝐿𝐵
2                                                                (2 − 41) 

𝐼𝛽(2−𝑘) =
3𝜆𝑘𝐿𝐵

4𝜀2 − 9𝐿𝐵
2                                                             (2 − 42) 

And for all the cases, 

 
3

2
∑ (𝐼𝛼𝑘

2 + 𝐼𝛽(2−𝑘)
2)+𝑀

−𝑀 − 𝐶 = 0                                             (2 − 43) 

As following parameters defined, 

𝐾1 = ∑ 𝜆𝑘
2, 𝑘 ≠ 3𝑛                                                  

+𝑀

−𝑀
(2 − 44) 

𝐾2 = ∑ 𝜆𝑘
2, 𝑘 = 3𝑛                                                   (2 − 45)

+𝑀

−𝑀
 

The solution for ε is given by  

𝜀 = −√𝑋(𝑝1,𝑝2,𝑝3,𝑝4)                                                    (2 − 46) 

Where X (p1, p2, p3, p4) is one of the solutions of (2-45) 

𝑝1𝑋
3 + 𝑝2𝑋

2 + 𝑝3𝑋 + 𝑝4 = 0                                          (2 − 47) 

in which  

𝑝1 =
−128𝐶

3
     

𝑝2 = 16𝐾1 + 16𝐾2 + 192𝐶𝐿𝐵
2 

𝑝3 = −72𝐾1𝐿𝐵
2 + 36𝐾2𝐿𝐵

2 − 216𝐶𝐿𝐵
4                                                  
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𝑝4 = 81𝐾1𝐿𝐵
4                                                          (2 − 48)    

By solving the equation (2-47) for ε, then the optimal current for MTPA control in IPMSM can 

be obtained. In practical applications if the BEMF only contains the first order harmonic, 𝑛 = 1 

in equation (2-33), then the Iαk  and Iβ(2-k) are corresponding to Iq and Id in dq0 reference frame, by 

calculating the value of the two components and equating them to Iq and Id, real-time 

implementation can be achieved, if the BEMF exhibits higher order harmonics, certain current 

harmonic injection methods need to be adopted. 

2.4 Summary 

The mathematical three-phase model of IPMSM is established, the expression for average 

torque production and optimal current for MTPA operation is derived through an analytical 

computation, detailed explanation and discussion have been made. 
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CHAPTER 3 

SIMULATION RESULTS ANALYSIS 

3.1 Model Analysis 

As mentioned in the previous chapter, the calculation of the optimal current for IPMSM exhibiting 

non-sinusoidal BEMF requires the information of the flux linkage harmonics created by the 

permanent magnet. A 1 horsepower IPMSM with three pole pairs was used for simulation. First, 

the 2D model (shown in Figure 3.1) is built in Ansys Maxwell for finite element analysis (FEA).  

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1. 2D model of IPMSM 
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The mechanical speed of the motor is set to be 200 RPM, and the simulated BEMF is shown in 

Figure 3.2, and from the same model, flux linkage profile can also be obtained (in Figure 3.3) 

 

 

 

 

 

 

 

 

      

Figure 3.2.  BEMF of IPMSM 

 

 

 

 

 

 

 

 

    

 Figure 3.3. Flux Linkage of IPMSM 
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As clearly shown in Figure 3.2, IPMSM exhibits a non-sinusoidal BEMF, according to the 

analysis done in Chapter 2, higher order current harmonics should be expected in the expression 

for optimal current. Hence, firstly, FFT analysis is performed for the flux linkage of IPMSM, the 

FFT result is shown in Figure 3.4.   

 

 

 

 

 

 

 

 

 

Figure 3.4. FFT Analysis Flux Linkage of IPMSM 

 

From the simulation, the magnitude of each flux linkage harmonic can be obtained, as shown in 

Figure 3.4, the magnitude of 1st and 3rd flux linkage harmonics are 0.3713 and 0.0214, which can 

be used to calculate current harmonics for optimal excitation, also, higher order flux linkage 

harmonics are almost zero, so the band limitation of the motor is set to be 3. 

The d-axis and q-axis inductances of the motor are Ld =9.9 mH and Lq =21 mH, as mentioned 

above, the band limitation of the motor is 3. Therefore, only 1st and 3rd order flux linkage harmonics 

are taken into consideration and the optimal current in this case should only contain 1st and 3rd 

current harmonics, calculated values of current harmonics values are listed in Table 1. 
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                                       Table 1. Magnitude of Current Harmonics (Peak) 

 

 

 

 

 

 

 

 

 

 

 

 

 

For 2A peak phase current, Figure 3.5 shows the normalized current waveform of optimal 

current and sinusoidal current. From the figure, there exists a phase angel between optimal and 

sinusoidal currents, theoretically, with the increase of the phase current, the angle will finally 

converge to 45 degrees. The optimal current and sinusoidal current is then injected to the IPMSM 

model in Maxwell, the torque profiles of both cases can be found in Figure 3.6 and Figure 3.7. 

From the figure, the optimal current excitation generates a bigger torque than the pure sinusoidal 

current excitation, the average torque is improved by 0.94%, from numerical calculation, the 

improvement is 0.714%. 

Total 

Current 

(A) 

 𝐼𝛼1(A)  𝐼𝛼3(A)  𝐼𝛽1(A) 

1 0.997 -0.057 -0.0302 

1.2 1.197 -0.0689 -0.0435 

1.4 1.396 -0.0803 -0.0592 

1.6 1.595 -0.0917 -0.0977 

1.8 1.794 -0.103 -0.120 

2 1.9930 -0.114 -0.120 

2.2 2.191 -0.126 -0.145 

2.4 2.390 -0.137 -0.173 

2.6 2.588 -0.148 -0.202 

2.8 2.786 -0.159 -0.234 

3.0 2.983 -0.170 -0.268 

3.2 3.18 -0.181 -0.305 

3.4 3.377 -0.192 -0.343 

3.6 3.574 -0.203 -0.384 

3.8 3.770 -0.214 -0.427 

4.0 3.966 -0.225 -0.472 
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Figure 3.5. Normalized Current Waveform 

 

 

Figure 3.6. Torque Profile of Sinusoidal Current Excitation 
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Figure 3.7. Torque Profile of Optimal Current Excitation 

 

The same simulations are done for all the RMS current listed in Table 2, the simulation results 

and the numerical calculated results are listed in Table 2, Figure 3.8 shows that the simulation 

results and numerical calculated results. 

 

Figure 3.8. Torque Profile of Optimal Current Excitation 
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Table 2. Simulation and Numerical Calculation Result of Torque Improvement 

 

 

 

 

 

 

 

 

 

 

 

 

3.2 Current Injection Method 

3.2.1 Current Injection Based on FOC 

In order to feed the motor with higher order current harmonics, one method is based on adding 

harmonics in d and q reference frame, in FOC, three-phase alternating currents are decoupled into 

two-phase currents. If the three-phase alternating currents are pure sinusoidal currents, then the 

components in d and q reference frame are DC values (shown in Figure 3.9). 

 

 

 

Total 

Current 

(A) 

𝑆𝑖𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛(%) 𝑁𝑢𝑚𝑒𝑟𝑖𝑐𝑎𝑙(%) 

1 0.519 0.304 

1.2 0.604 0.365 

1.4 0.668 0.437 

1.6 0.749 0.518 

1.8 0.843 0.610 

2 0.942 0.714 

2.2 1.071 0.829 

2.4 1.208 0.952 

2.6 1.355 1.087 

2.8 1.511 1.233 

3.0 1.665 1.389 

3.2 1.852 1.554 

3.4 2.038 1.729 

3.6 2.237 1.914 

3.8 2.434 2.110 

4.0 2.650 2.314 
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Figure 3.9. Pure Sinusoidal Three-Phase Current and Two-Phase current 

 

If higher order harmonics are required in three-phase current, by adding certain combination of 

harmonics in d and q reference frame, the goal can be achieved. For example, if the harmonic 

component of sin3θ is added to d axis and cos3θ is added to q axis, then second order harmonics 

can be observed in three-phase currents. In the simulation, Id is set to be 0, Iq is set to -10, and the 

third order components d and q axis are set to 2. Simulation results are shown in Figure 3.9, and 

the first subplot is the d and q components. The second subplot is the three-phase current, and the 

third subplot is the FFT analysis of the current in three-phase frame. The magnitude and frequency 

of the current harmonics in three phase system are exactly the desired results. For other harmonics, 

the order of the harmonic and the corresponding sub harmonics in d and q axis are listed in Table 

3. Since by implementing FOC, third order current harmonics will be eliminated, so there is no 

solution in d and q frame if a third order current harmonic is required in three-phase system. 
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Figure 3.10. Harmonics in dq abc Frame and FFT analysis  

 

Table 3. Relation Between Three-phase and Two-phase Harmonics 

 

 

 

     

  

 

 

 

 

    In FOC, the control scheme shown in Figure 3.11 is normally used, a Proportional-Integral (PI) 

regulator is used to control the current in d and q axis, the input of the control system is the current 

reference, the output of the PI regulator is the desired phase voltage, the output of after the motor 

Harmonics in three-

phase current 
Harmonics in d-axis Harmonics in q-axis 

2 sin 3𝜃 cos 3𝜃 

4 sin 3𝜃 −cos 3𝜃 

5 sin 6𝜃 cos 6𝜃 

7 sin 6𝜃 −cos 6𝜃 

8 sin 9𝜃 cos 9𝜃 

10 sin 9𝜃 −cos 9𝜃 

11 sin 12𝜃 cos 12𝜃 

13 sin 12𝜃 −cos 12𝜃 

14 sin 15𝜃 cos 15𝜃 

16 sin 15𝜃 −cos 15𝜃 
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model is the actual current, and then a current feedback is introduced to close the loop for the 

control system. 

 

Figure 3.11. Control Scheme of Phase Current 

 

    The transfer function of the PI regulator in s-domain is given by  

𝑃𝐼(𝑠) =

𝐾𝑝 (𝑠 +
𝐾𝑖

𝐾𝑝
)

𝑠
                                                          (3 − 1) 

    According to [26], the motor can model in d and q axis can be represented as 

𝑉𝑞𝑠 = 𝑟𝑠𝑖𝑞𝑠 +
𝑑𝐿𝑞𝑖𝑞𝑠

𝑑𝑡
+ 𝑤𝑒(𝐿𝑑𝑖𝑑𝑠 + 𝜆𝑚)                                           (3 − 2) 

𝑉𝑑𝑠 = 𝑟𝑠𝑖𝑑𝑠 +
𝑑𝐿𝑑𝑖𝑑𝑠 + 𝜆𝑚

𝑑𝑡
+ 𝑤𝑒𝐿𝑞𝑖𝑞𝑠                                             (3 − 3) 

Where Vqs,Vds are the phase voltage in d and q axis, ids and iqs are the current in in d and q axis, 

λm is the flux linkage created by permanent magnet, rs is the stator resistance, we is the rotor 

electrical angular speed. 

And both the current with respect to voltage transfer function in d and can be defined as 

𝐼(𝑠)

𝑈(𝑠)
=

1
𝑟𝑠

𝐿
𝑟𝑠

𝑠 + 1
                                                             (3 − 4) 

    The open loop transfer function in q axis can be defined as  
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𝑇(𝑠) =

𝐾𝑝

𝑟𝑠
(𝑠 +

𝐾𝑖

𝐾𝑝
)

𝑠 (
𝐿𝑞

𝑟𝑠
𝑠 + 1)

 (3 − 5) 

    By selecting the following parameter, Kp=1 and Ki=500, the open loop transfer function is 

given by  

𝑇(𝑠) =
0.2375𝑠 + 118.8

0.004988𝑠2 + 𝑠
 (3 − 6) 

The bode plot of the open loop transfer function and the step response of the close loop transfer 

function are given in Figure 3.12 and Figure 3.13, from the bode plot, the phase margin is 74 

degrees and the gain margin is infinite, for the step response, the performance is given Table 4.  

Table 4. Performance of the step response 

Figure 3.12. Bode Plot of the Open Loop system 

Rise Time 0.0153s

Settling Time 0.0221s 
Overshoot 1.53% 
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Figure 3.13.  Step Response 

    Since harmonics are introduced in the dq frame, bode plot of the close loop transfer function is 

also shown in Figure 3.14, as clearly shown in the bode plot, there will be phase shift, so in real 

time applications, compensation on the rotor angle should be implemented. 

Figure 3.14. Bode Plot of Close Loop System 
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    Simulations were done when the input signal carries the frequency of 10 Hz and 90Hz, and the 

results are shown in Figure 3.15 and Figure 3.16, significant phase difference and amplitude 

attenuation can be found if 90 Hz signal is select as the input of the system. 

Figure 3.15. Input Signal with Frequency of 10 Hz 

Figure 3.16. Input Signal with Frequency of 90 Hz 

   Current harmonics injection with FOC might be suitable in low speed applications, since the 

frequency of the current is relatively low, and there will not be much phase or magnitude difference 
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between reference and real-time signal, as the frequency increases, certain technique must be 

implemented to solve the problem, also if the three-phase current requires harmonics whose order 

is the multiple of 3, this method will not work. 

3.2.2 Current Injection Based on Hysteresis Control 

Another way of current injection method is based on hysteresis current controller, consider a three-

phase inverter connected to a three-phase RL load shown in Figure 3.17, the inverter output current 

of phase A can be controlled by turning on and off the switching S1 and S2 if a reference current  

iref is given, there is a current band ib, then the upper limit is defined as iref + ib, respectively, the 

lower limit is defined as iref - ib. 

Figure 3.17. Three-phase Inverter Connected to Load 

    When the actual phase current is between upper and lower limit, there is no switching state 

change, if the actual phase current is greater than the upper limit, S1 is turned off, S2 is turned on, 

the current starts to decrease, if the current is below the lower limit, then S2 is turned off, S1 is 

turned on, the current increases (shown in Figure 3.18). 

A 

B 

C 

A 
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Figure 3.18. Hysteresis Control and Switching Action of S1 

    The hysteresis current control method is simulated in Matlab/Simulink (shown in Figure 3.19), 

three phase RL load is connected as Figure 3.14 indicates, and the control logic is shown in Figure 

3.20, a script that controls the output current harmonic components is programmed in Reference 

function block, also, in the hysteresis function block, the current band is selected as 0.1A, and the 

output is the switching action for the high side switch, and the low side switches have 

complementary switching actions.  
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Figure 3.19. Three-phase Inverter with RL Load 

Figure 3.20. Control Logic of Switches 

    Several simulations are done by setting the reference of current harmonics with different 

magnitude and frequency. Simulation results together with FFT analysis are shown in 3.21-3.24. 
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Figure 3.21. First Order Current and Third Order Current 

Figure 3.22. FFT Analysis 
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Figure 3.23. First Order Current and Fifth Order Current 

Figure 3.24. FFT Analysis 



 

34 

3.3 Summary 

In this chapter, optimal currents have been injected to IPMSM model in FEA, simulation results 

indicate that the average torque is improved at each RMS current levels. Also, current injection 

methods have been simulated and a comparison has been made between FOC and hysteresis 

current control. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



35 

CHAPTER 4 

EXPERIMENTAL IMPLEMENTATION 

4.1 Testbed Introduction 

A testbed was built to run the experiments on the test motor, the test platform consists of the 

following parts, a three-phase inverter was developed to drive the IPMSM, TMS320F28335 is 

used as the controller for the system, the test motor, the torque meter, DC load motor, a flywheel 

and the encoder are connected by using couplings, also, the DC load motor is connected to an 

electrical load that set to the constant voltage mode to provide the whole system with a constant 

speed since the BEMF of the DC motor cannot exceed the constant voltage set in the electrical 

load. The testbed is shown in Figure 4.1 with detailed descriptions. 

4.2 Hardware Implementation 

The scheme of the control system is shown in Figure 4.2, and a printed circuit board (PCB) is 

designed, shown in Figure 4.3. There are several voltage levels in the PCB that are listed in Table 

5. 

Table 5. Voltage Levels of Hardware  

Inverter Input 120𝑉
Gate Driver 15𝑉 

DSP 3.3𝑉 
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Figure 4.1. IPMSM Control Testbed 

Figure 4.2. Control Scheme of IPMSM 

IPMSM Torque 

Meter 

DC Load Fly Wheel 

Encoder 

Inverter 
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(a) 

(b) 

Figure 4.3. (a) Top of PCB (b) Bottom of PCB 
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4.2.1 Design of Gate Driver Power Supply 

To turn on a MOSFET, a voltage of 10V to 20V needs to be applied between the gate and source, 

so an isolated power-supply circuit is made using MAX256 and a transformer (shown in Fig 4.4). 

Figure 4.4. Isolated Power Supply Design 

MAX256 is powered by an external 5V voltage source, the output of MAX256 are two 

complementary 50% duty cycle voltage pulses between 0V and 5V, PH9185 is a transformer, in 

which, the ratio between primary side and secondary side on the PCB is chosen to be  3:10, then, 

the secondary side voltage pulses pass through a full-bridge rectifier and charge the output 

capacitor, in this design, the output voltage is around 15V (considering the forward voltage drop 

of the diode of full bridge rectifier). 

Test has been made to verify the design, results are shown in Figure 4.5, the voltage on the 

primary side, secondary side and the output capacitor are tested in from the PCB, from the figure, 

we can see that the output voltage is around 15V. 
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Figure 4.5. Experimental Results of Designed Isolated Power Supply 

 

4.2.2 Design of Gate Driver  

In order to control the three-phase inverter, the high side switch also require a 10V to 20V power 

supply, since the voltage potential of the motor winding is changing while the motor is running, 

bootstrap circuit is used to drive the high side switch. The schematic of bootstrap circuit is shown 

in Figure 4.6.  

    Si8233 is the gate driver, bootstrap diode D1 and bootstrap capacitor C5 consist the bootstrap 

circuit, in order to successfully turn on the high-side switch, at first, the low-side switch must be 

turned on to provide a path to charge the high-side bootstrap capacitor. When the high-side switch 

is off, the power supply tends to charge the capacitor, through the diode, and when the high-side 

switch is on, the voltage potential on the cathode of the diode is the summation of the voltage on 

Primary Side 

Secondary Side 

Capacitor Voltage 
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the motor winding and the bootstrap capacitor, forcing the diode to be reverse biased. PWM_H is 

the PWM signal for high-side switch, and PWM_L is the PWM signal for low-side switch, DSBL 

is the disable signal for the gate driver, which can be controlled in the DSP, the value of RDT 

determines the deadtime insertion period from hardware, G_up is the control signal for high-side 

switch, and G_down is the control signal for low-side switch, I+ is connected to the motor 

windings.  

 

Figure 4.6. Design of Bootstrap Circuit for Three-phase Inverter 

 

Experiment waveform is captured and shown in Figure 4.7. In channel 3, the voltage in the 

Drain of the high-side switch is captured, and in channel 2 the capacitor voltage is captured. As 

the high-side switch turns on, the voltage on the capacitor begin to discharge and maintain the on 

state of the high-side switch. When the high-side switch is off, the power supply begins to charge 

the capacitor voltage, and a sudden rise in the capacitor voltage can be observed in the figure. 
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Figure 4.7. Voltage of Bootstrap Capacitor  

 

4.2.3 Design of Current Sensing Circuit 

The analog to digital converter (ADC) of the TMS320F28335 has an analog input ranging from 

0V to 3V, in the design, the current sensing circuit is shown in Figure 4.8. ACS723-10AB is used 

to convert the current signal to a output voltage signal, it has an offset of 2.5V, and is capable of 

sensing both positive and negative current, ranging from -10A to 10A, the output ranges from 0V-

5V, so the output cannot be directly connected to the DSP, in the design, a second stage of 

operational amplifier (op-amp) is designed to tune the output voltage within the input range of 

ADC by properly choosing the value of R1-R6. The output voltage of the op-amp is given by 

equation 4-1. 
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𝑉𝑜𝑢𝑡 = 𝑉𝑠𝑒𝑛𝑠𝑒 ∗
𝑅2

𝑅3
∗ (

𝑅4 + 𝑅1

𝑅1
) − 5 ∗ (

𝑅4 ∗ 𝑅5

(𝑅6 + 𝑅5) ∗ 𝑅1
)  (4 − 1) 

Figure 4.8. Current Sensing Circuit 

    In the output of the op-amp, there is a RC low pass filter, in which R=31.8Ω, C=0.1uF and 

fc=50kHz. The low-pass filter will clear the high frequency noises in the system. The same low 

pass filter is implemented on the input signal for encoder interface and the cutoff frequency is 

designed to be 79kHz. 

The experimental implementation details are listed in Table 6. 

Table 6. Experimental Implementation Details 

Inverter Input 120𝑉
Sampling Rate 20𝐾𝐻𝑧 

Deadtime 0.3𝑢𝑆 
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4.3 Experimental Results 

By connecting the DC motor to an electrical load setting at constant voltage mode and connecting 

a flywheel to the system, the speed of the whole system can be stabilized, the voltage limit of the 

electrical load is 20V, which maintains the system speed at 200RPM (phase current at 10Hz), by 

implementing hysteresis control, a sinusoidal current with amplitude of 1A is set as the reference, 

the experimental results are shown in Figure 4.9. 

Figure 4.9. Phase Current of 1A 

    The BEMF of the motor is also measured, by using the dc motor as a prime mover, and the 

speed is 200RPM, the testing BEMF is shown in Figure 4.10, and comparison between simulation 

and experiment is shown in Figure 4.11, from the figure, the experimental results matched closely 

with the simulation. 
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Figure 4.10. Measured BEMF of IPMSM 

Figure 4.11. Simulated and Measured BEMF 
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As mentioned above, there are only 1st and 3rd order flux linkage taken into consideration and 

hence the optimal current should only contain the 1st and 3rd order current harmonics. Calculated 

values of current harmonics are listed in Table 1. The optimal current was injected into the IPMSM 

by using hysteresis current control. From the simulation and numerical calculation, the 

improvement from the tests are less than 1%, so experiments are performed at the peak current 

level ranging from 2A to 4A. Sinusoidal and optimal current at level of peak 2.2 A and the FFT 

analysis are shown in Figure 4.12-4.13. 

Figure 4.12. Sinusoidal Current at 2.2A Peak 
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Figure 4.13. Optimal Current at 2.2A Peak 

    As shown in Figure 4.12 and Figure 4.13, one of the experimental results (total current 2.2A) is 

presented, from the FFT analysis, the optimal current contains a 1st and 3rd harmonic with 

magnitude of 2.236A and 0.1176A, which is close to the calculated values (2.191A and 0.126A), 

Figure 4.14 shows the FFT analysis of the torque, the average torque increased by 1.42% if optimal 

current is injected, which is close to the simulation result from FEA (1.071%) and numerical 

calculation (0.829%). 
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Figure 4.14. Measured Torque and FFT Analysis at 2.2A Peak 

    Another experiment results at peak 3A is shown in Figure 4.15-4.16, from the results, in optimal 

current, the measured 1st order current is 3.075A, and the 3rd order current harmonics is 0.1863A, 

which are close to the calculated value, (1st order of 2.9919A and 3rd order 0.26A), in the sinusoidal 

current, the amplitude is 3.096A. 

    In Figure 4.17, the FFT analysis of the torque profile has been done, the average torque increased 

by 1.39% if optimal current is injected, which is close to the simulation result from FEA (1.84%) 

and numerical calculation (1.54%). Other test results are listed in Table 7, and a comparison of 

improvement in torque per ampere (TPA) among experiment, numerical analysis and simulation 

is shown in Figure 4.18. 
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Figure 4.15. Sinusoidal Current at 3A Peak 

Figure 4.16. Optimal Current at 3A Peak 
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Figure 4.17. Measured Torque and FFT Analysis at 3A Peak 

Table 7. Experimental Results Analysis 

Peak Current (A) 1st Order Current (A) 3rd Order Current (A) Improvement (%) 

2 1.998 0.1042 1.886248 

2.2 2.230 0.1176 1.973609 

2.4 2.445 0.1169 2.259769 

2.6 2.592 0.1376 3.095330 

2.8 2.797 0.1308 2.720872 

3 3.075 0.1863 1.254634 

3.2 3.179 0.1406 1.463793 

3.4 3.372 0.2108 3.292969 

3.6 3.601 0.1821 2.682374 

3.8 3.805 0.2014 3.020273 

4 3.994 0.1915 3.265876 
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Figure 4.18. Comparison of TPA Improvement 

    From Figure 4.18, the achieved torque ampere improvements are close to the numerical 

calculated results and the simulation results (within 2%). 
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CHAPTER 5 

CONCLUSION AND SUGGESTED FUTURE WORK 

5.1 Conclusion 

In this thesis, an analytical solution for IPMSM MTPA control has been proposed considering 

IPMSM exhibits harmonics in BEMF, this method can directly calculate the magnitude of all the 

current harmonics. Then the analytical and simulations in Ansys Maxwell are performed to verify 

the validity of the proposed method. Due to the third order current harmonic in a phase current, 

hysteresis current control is used for current injection, hardware and testbed are built for real-time 

implementation, the experiment also show the satisfactory results. 

5.2 Suggested Future work 

Although several developments were presented in the thesis, there are many other aspects that 

needs to be investigated left for future work. Some possible aspects are listed as the following: 

• Motor parameters variation needs to be considered

• More experiments should be given on an IPMSM that has a higher rated current or more BEMF

harmonics

• A better control approach of current injection method can be explored to solve the problem of

varying switching frequency introduced by hysteresis current control
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