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ABSTRACT 

 

Z-SOURCE INVERTER BASED BOOSTED VOLTAGE FLUX-WEAKENING 

CONTROL OF SPMSM 

 

 

This thesis gives a brief analysis of field-oriented control strategy for flux-weakening and 

maximum torque per ampere (MTPA) operation of permanent magnet synchronous motor 

(PMSM). Features such as higher efficiency, smaller size, faster dynamic response and 

large torque-to-inertia ratio makes the application of PMSM suitable for the electric 

vehicle (EV). However, because of permanent magnet on rotor, i.e., constant flux, 

permanent magnet (PM) motors have small constant power speed range (CPSR). This 

drawback limits the application of PMSM in EV’s where wide speed operation, above 

base speed, is required. The high-speed operation under constant power zone can be 

extended either by (1) increasing the output voltage of drive or (2) by using flux-

weakening control methods. However, the dc bus limits the output voltage of a 

conventional drive. Further, the high-speed operation, i.e., above base speed is limited by 

the voltage constraint from the drive side which is the maximum voltage a conventional 

inverter can output. Ultimately, this is in-turn depends on dc bus voltage rating and 

usually application like EVs has limited dc bus normally rated for 200 to 600 volts. That’s 

why in this thesis an advanced flux-weakening algorithm is introduced aimed for 

providing wide constant power operation namely, boosted voltage flux-weakening 

(BVFW), based on the Z-source inverter (ZSI). A ZSI has voltage boosting abilities and 

is immune to shoot-through issues. This flux-weakening strategy overcomes the voltage 

constraint in electrical drives fed from a conventional inverter by utilizing the voltage 

boosting ability of Z-source Inverter (ZSI) for a wide speed operation, i.e., above base 

speed.  In comparison to other flux weakening control strategies, this method can provide 

wide constant power speed range (CPSR) with higher torque generation. Moreover, the 

maximum boost control method is also been discussed for controlling the shoot-through 

state of ZSI. In order to validate the feasibility and merits of the ZSI based flux-weakening 

algorithm, a SPMSM drive with MTPA and BVFW controls based on ZSI has been 

simulated in MATLAB/SIMULINK and its performance is compared with other 

conventional flux-weakening strategies. 
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CHAPTER 1 

 

INTRODUCTION 

 

 

1.1 BACKGROUND 

 

In past few years, research on permanent magnet synchronous motor (PMSM) 

has drawn a lot of attention in many industrial applications, especially in traction 

application due to its attractive performance i.e., large torque-to-inertia ratio, smaller size, 

higher efficiency, high-power density, faster dynamic response and decrease in cost of 

permanent-magnets [1-2]. In electric vehicles (EV), PMSM drives generally requires 

large torque-to-inertia ratio for below base speed operation and high efficiency along with 

wide constant power speed range (CPSR) [3-4]. In recent studies, the research on field-

oriented control of PMSM drives aimed for the above-mentioned application has 

becoming increasingly common [5-10]. 

 

Fig.1.1: Typical Torque/Power vs. Speed curve of PMSM. 

Moreover, recently various control techniques has been published in literature 

aimed for achieving efficient performance of drive under varying condition. One such 

control technique is maximum torque per ampere control (MTPA) [11], extensively used 

in industrial applications due to its effective utilisation of dc bus, maximum torque 

generation, and minimisation of copper losses. For wide speed operation in PMSM drives, 

i.e., above base speed, flux-weakening (FW) control is required which extends the speed 

range of motor by decreasing the air-gap flux [12]. In application focused on electric 

vehicles, PMSM drives are intended to deliver constant torque for below base speed 

operation while for above base speed operation, torque gradually reduces upto maximum 
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speed. Therefore, PMSM drives are operated with flux-weakening control in constant 

power zone and MTPA control in constant torque zone as shown in fig. 1.1 [13]. 

Hence, it is of significant importance to improve the flux-weakening 

capability of PMSM drives. The subsequent sections describe the flux-weakening control 

of PMSM in traction application, and an advanced control method to enhance the constant 

power speed range performance by utilising the voltage boosting capabilities of z-source 

inverter. 

 

1.2 LITERATURE REVIEW 

 

1.2.1 Control Strategies for PMSM 

 

PMSMs are brushless motors that employs stationary phase coil and rotating 

permanent magnet. A 3-phase PMSM's stator has a construction that is substantially 

identical to that of a 3-phase synchronous machine or a 3-phase induction machine. A 

rotating magneto-motive force (MMF) with a circular trajectory in d-q frame is generated 

in the air-gap by these phase currents. Although, the Permanent Magnets can be placed 

either inside or on the rotor structure to form interior permanent magnets or surface-

mounted permanent magnets in the rotors of PMSM. 

 

Fig.1.2:  Rotor configurations for permanent magnet machines. 

As shown in fig. 1.2, there are four common permanent 

magnet configurations for rotor in PMSMs. These includes, (a) interior-mounted, (b) 
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surface-mounted, (c) spoke-type and (d) reluctance-type [14]. The saliency ratio of the 

permanent magnet’s inductance (𝐿𝑑/𝐿𝑞) in the various rotor configurations has a major 

impact on the operating speed range. However, the application decides which rotor 

layout is viable. In this research work, the discussion is focused on surface-mounted 

(SPMs), which are extensively employed in industrial application. 

In general, scalar and vector control are the two main types of motor control 

techniques, widely used in controlling of AC machines and are applicable for control 

of PMSM also [15]. Moreover, there are particularly three primary control 

strategies in scalar and vector control methods [16]:  

• Volts/hertz control  

• Direct torque control (DTC) 

• Field-oriented control (FOC)  

 

Fig.1.3:  Motor control classification. 

Fig. 1.3 shows the categorization of different motor control techniques. The 

scalar control technique is also referred as volt/hertz (V/f) control, used for rather easier 

applications like fans and pumps. A constant air-gap flux is produced, when PMSM are 

excited by constant V/f ratio. The V/f control is a very popular and economical technique 

that is frequently used in industrial applications. Despite that due to its relatively poor 

dynamic response is not very effective because rather than controlling the magnitude and 

phase of current, this technique instead controls the frequency and magnitude of 

voltage [15]. On the other hand, vector control techniques, namely DTC and FOC, are 

rather difficult but they provide high accuracy with relatively faster dynamic 

performance. The basic concept for field-oriented control is to transform the time-varying 
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three-phase currents into equivalent synchronously rotating d-q frame where flux torque 

controlling components are decoupled and controlled independently [17]. Whereas, in 

direct torque control the space vector modulation technique is used for direct control 

of the torque and stator flux in accordance with the variation between the 

reference and estimated values for flux and torque. The direct torque control is less 

immune to the variation in stator resistance but can provide fast dynamic performance in 

comparison to the field-oriented control. Due to the comparative advantages of V/f, DTC, 

and FOC, it is challenging to decide which method should be preferred. Finally, in order 

to decide which control technique has to be used is based on the performance parameters 

required by an application. 

Based on FOC, various control techniques are available to control the 

PMSM aimed for different control objective are listed below: 

• Unity power factor control [18]  

• Optimum efficiency control [19] 

• MTPA control [20]  

• Flux-weakening control [20]  

MTPA and flux-weakening controls are widely used in electrical drives 

as compared to unity power factor and optimal efficiency controls. They are opted 

because of their merits such as extended speed range operation in constant power zone 

and maximum torque generation with minimum copper losses in constant torque zone 

offered by the flux-weakening control and MTPA control respectively. 

The control of PM motors for EV applications has attracted a lot of interest 

in recent publications due to their efficient and high power-density performance [6-21], 

permanent magnet motors emerged as the best alternative to internal combustion engines. 

In traction and other industrial application, the ability to operate with high efficiency over 

an extended speed range is required. That's why most of the PMSM drives in practical 

applications are controlled with MTPA control in below base speed operation and flux-

weakening control for above base speed operation [22-24]. 
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Fig.1.4:  Ideal torque vs. speed curve of PMSM. 

Fig. 1.4 shows that in constant torque zone, by implementing the MTPA 

control maximum torque generation is achieved. while in constant power zone, flux-

weakening control is implemented in which an opposing field is produced which reduces 

the field due to permanent magnets by allowing the stator currents to re-orient their 

position [20]. Therefore, the main principle of flux-weakening operation is to reduce the 

resultant air-gap flux. In rotating machines, the operating speed is inversely proportional 

to air-gap flux. Thus, weakening the air-gap flux results in extended speed range 

operation. 

The concept for MTPA operation is that for maximum torque production 

torque angle has to be controlled, angle between positive stator d-axis direction and stator 

current phasor in synchronously rotating frame fixed to rotor. To be specific, for any 

torque level there exists an optimal combination of q-axis and d-axis current which 

produces minimum phase current [20]. This leads to the reduced copper losses and hence 

maximizes the motor-drive efficiency. 

As rotor field of a PMSM is a set quantity that depends on material and 

configuration of the permanent magnets [12], that's why the word "flux-weakening" is 

preferred over the less specific "field-weakening". To be more precise, field-weakening 

can only be used on motors where field is controlled by the currents. Therefore, the aim 

of flux-weakening operation is to extend the operating speed range of motor in constant 

torque zone by reducing the output torque level. There are two main reason that 

serves such purpose. It is the sole approach to increase the speed range further 

when voltage and currents are constrained. Secondly, it has been noted in numerous 

publication, particularly those focused on electric vehicles, that the motor speed is 

inversely proportional to the load torque. 
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The concept for flux-weakening operation in PMSM drives is that, d-axis in 

stator d-q reference frame is oriented in the direction of rotor flux. Therefore, on 

supplying a negative (demagnetizing) d-axis current to stator establishes a demagnetizing 

MMF which will negate the MMF due to permanent magnets placed on the rotor. This 

results in the weakening of resultant air-gap flux. As air-gap flux and output torque are 

directly proportional to each other, therefore at the cost of reduced output torque a wide 

speed range can be attained by implementing the flux-weakening control. 

Research on flux-weakening control technique is discussed in numerous 

literatures [25-27]. Several flux-weakening strategies has been published recently, even 

though their goals are similar. The flux-weakening technique employed for control of AC 

motor drives was originally presented in [23]. The flux-weakening control is achieved by 

modifying the feed forward torque control in [12].  In order to maximize the dc bus 

utilisation, a six-step voltage control is discussed in [28]. An advanced feed-forward 

decoupled control for current regulator with voltage compensation is introduced in [24]. 

The ease in execution as well as ability to adjust to variations in machine variables are 

two main merits of this method. 

One significant limitation of all conventional flux-weakening techniques is 

that back-EMF is directly proportional to the motor speed thus its magnitude should be 

observed carefully. In electric vehicle applications, dc bus size is limited which in turn 

limits the maximum output voltage of inverter. Therefore, the instant when magnitude of 

back-EMF becomes more than the maximum output voltage that an inverter can output, 

further increase in operating speed cannot be achieved. Hence, the operating speed range 

of PMSM drives fed from a conventional inverter is constrained by the limitation set from 

the drive's side. In subsequent section in order to overcome the drawbacks of conventional 

drives an advanced Z-source inverter-based flux-weakening strategy is introduced which 

is aimed to extend the constant power speed range and enhance the flux-weakening 

performance. 

 

1.2.2 Z-Source Inverter (ZSI) 

 

All flux-weakening strategies has two constraints specifically the voltage 

limitation and current limitation. Generally, the current limitation is decided from the 

thermal ratings of motor whereas the drive side decides the voltage limitation which has 
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limited dc bus voltage. In electric vehicles, dc bus voltage typically ranges from 300 to 

600 V [29], while for 3-phase industrial drives dc bus is rated for 320 V. Fig. 1.5 shows 

that for a fixed dc bus voltage, the maximum output line voltage for the conventional 3-

phase six-step inverter operating in 180 conduction mode is 78% of dc bus voltage [30]. 

In sinusoidal pulse width modulation (SPWM) inverter, it is 61.2% of dc bus voltage [30]. 

While, in space vector pulse width modulation (SVPWM) inverter it is 70.7% [27]. 

Therefore, it is clear that the output voltage of conventional inverter irrespective of any 

modulation technique is limited by the voltage constraints. 

 

Fig.1.5:  Maximum output voltage of 3-phase full-bridge inverters. 

There are many different kinds of topologies that can raise the drive's output 

voltage rather than a dc-dc boost converter. Emerging boost inverters, such as the newly 

introduced ZSI [31] and its modified topology, quasi-Z-source inverter (q-ZSI) [32], are 

ideal to supply various application, which includes fuel cell and hybrid vehicles also [33]. 

Fig. 1.7 shows that an unique impedance network similar to ZSI can replace the dc-dc 

boost stage. One valuable advantage of ZSI and q-ZSI is that these single-state converters 

have the ability to buck and boost the dc bus voltage, which eliminates the necessity of 

using a dc-dc boost converter [34]. This merit could be utilized to remove 

the constraint of output voltage in drives fed from conventional inverters. Additionally, 

the ZSI has fault-tolerant abilities against voltage sags and shoot-through fault. That's 

why, motor drives involving the ZSI have drawn significant attraction in recent 

publications [35-36].  



8 

 

 

 

 

Fig.1.6:  Two-stage motor drive comprising DC-DC boost converter and 3-phase 

inverter. 

 

Fig.1.7:  Single-stage motor drive using Z-source inverter. 

 There exist various classic converters, like Z-source matrix inverter [37] and 

Z-source multilevel inverter [38], that can give additional benefits by employing the 

impedance network of ZSI. Furthermore, recently in many literatures enhanced ZSI, i.e., 

switched inductor ZSI [39] and modified ZSI [40], to achieve additional benefits are also 

introduced. For simplicity purpose, the entire focus is concentrated upon the original ZSI 

and a detailed analysis given in chapter-3. 

A ZSI has two control variables, namely, the modulation index and shoot 

through states, in comparison to a conventional SPWM inverter which has modulation 

index as the only control variable. There are three popular control method for ZSI: 

• Maximum constant boost method [41]  

• Maximum boost method [42]  
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• Simple boost method [32] 

 In ZSI control strategies, advance techniques such as SVPWM is also 

available [43] but the main difference among these strategies exists in their voltage stress 

across switches, harmonic distortion and voltage boosting capabilities. 

 In literatures survey, it is found that only few publications have examined the 

implementation of ZSI for flux-weakening operation in electric vehicles application and 

very limited research is done on the control strategies of ZSI during flux-weakening 

operation. Thus, an appropriate control strategy for ZSI, aimed to extend the constant 

power speed range and enhance the flux-weakening performance, should be developed 

for supporting the boosted voltage flux-weakening control. 

 

1.3 THESIS ORGANIZATION AND CONTRIBUTION 

 

 This work presents an advance flux-weakening strategy for SPMSM. The 

main advantage of the above-mentioned strategy is that it overcomes the voltage 

constraint from drive's side during flux-weakening operation by employing the Z-source 

inverter. In order to validate the viability and merits of the discussed control algorithm, 

the SPMSM drive is simulated in MATLAB/Simulink environment and compared with 

other flux-weakening algorithms. The theoretical analysis and simulation results shows 

that the discussed flux-weakening algorithm can significantly enhance the constant 

power speed range and delivers higher torque while maintaining the output power 

constant. 

The thesis organization is as follows:  

Chapter-1: The literature survey of PMSM, flux-weakening techniques and ZSI is 

presented.  

Chapter-2: The conventional flux-weakening strategies are discussed.  

Chapter-3: Briefly discusses the operating principle and control methods of ZSI.  

Chapter-4: Demonstrate the ZSI based boosted voltage flux-weakening control of 

SPMSM drive.  

Chapter-5: summarises the conclusion and accomplishment of this work. 
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CHAPTER 2 

 

CONTROL OF PERMANENT MAGNET SYNCHRONOUS 

MOTOR 

 

 

Control strategies are essential for maximizing thei efficiency and torque-

poweri capabilities ofi PMSM overi a wide speedi rangei. In the following sections a 

detailed analysis of flux-weakening and maximum torque per ampere (MTPA) control 

techniques is presented for SPMSM motor. The mathematical model of PMSM is first 

developed before analysing the control strategies.  

 

2.1 INTRODUCTION 

 

It is observed that PMSM are gaining popularity for the vast number 

of applications in industry, ranging from high-performance drives i.e., servo tools to 

relatively simple application such as fans and pumps [16]. PMSM drives for the above-

mentioned application are usually aimed for wide speed range with maximum efficiency. 

In traction application, generally drive's speed is inversely proportional to the 

load torque. Also, at low-speed operations load torque demands are high that's why MTPA 

control is preferable for maximum torque generation. Both the induction motor as well as 

PMSM are usually controlled using MTPA control in below base speed operation. In 

traction application, i.e., EV, at high-speeds torque requirement isn't as high as in low-

speed operation. However, the wide speed range is more preferable objective for above-

mentioned application for high-speed operation. That's why flux-weakening control 

becomes more desirable and crucial for above base speed operation.  

Generally, high speed operation is feasible with both SPMSM, that has 

surface mounted magnets which offers no saliency (𝐿𝑑 = 𝐿𝑞), and IPMSM, that has 

interior mounted magnets which offers high saliency (𝐿𝑞 > 𝐿𝑑) [44]. Due to high 

inductance value in IPMSM as compared to SPMSM, IPMSM has an advantage 

of relative low values of demagnetizing currents in flux-weakening operation [45]. 

Additionally, IPMSM can withstand high centrifugal forces due to interior mounted 

magnets in rotor, this leads to a robust mechanical structure. Although, the control of 

IPMSM is difficult because of its saliency and involves complex computation. Therefore, 
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SPMSM are widely used in vast range of applications including in EVs for its simple 

control process. 

 

2.2 MATHEMATICAL MODEL OF PMSM 

 

Based on farad’s law, the electrical circuit equation of PMSM in terms of 

phase variable is given by: 

 𝑉𝑎 = 𝑅𝑠𝐼𝑎 +
𝑑𝜆𝑎

𝑑𝑡
 (2.1) 

 𝑉𝑏 = 𝑅𝑠𝐼𝑏 +
𝑑𝜆𝑏

𝑑𝑡
 (2.2) 

 𝑉𝑐 = 𝑅𝑠𝐼𝑐 +
𝑑𝜆𝑐

𝑑𝑡
 (2.3) 

Here, 𝑅𝑠 (𝑉𝑎, 𝑉𝑏, 𝑉𝑐) and (𝐼𝑎, 𝐼𝑏 , 𝐼𝑐) refers to the per-phase resistance, phase 

currents and phase voltages respectively. 

The flux linkage equations for the three-phases can be written as follows [26]: 

 𝜆𝑎 = 𝐿𝑎𝑎𝐼𝑎 + 𝐿𝑎𝑏𝐼𝑏 + 𝐿𝑎𝑐𝐼𝑐 + 𝜆𝑚𝑎 (2.4) 

 𝜆𝑏 = 𝐿𝑎𝑏𝐼𝑎 + 𝐿𝑏𝑏𝐼𝑏 + 𝐿𝑏𝑐𝐼𝑐 + 𝜆𝑚𝑏 (2.5) 

 𝜆𝑐 = 𝐿𝑐𝑎𝐼𝑎 + 𝐿𝑐𝑏𝐼𝑏 + 𝐿𝑐𝑐𝐼𝑐 + 𝜆𝑚𝑐 (2.6) 

Here, (𝐿𝑎𝑎, 𝐿𝑏𝑏 , 𝐿𝑐𝑐) represents the self-inductances and (𝐿𝑎𝑏 , 𝐿𝑏𝑐, 𝐿𝑐𝑎 ⋯ ) 

represents the phase-phase mutual inductance. Whereas, (𝜆𝑚𝑎, 𝜆𝑚𝑏 , 𝜆𝑚𝑐) refers to the 

induced flux linkage in stator phases by permanent magnets. 

 

Fig.2.1:  d-q coordinate frame of PMSM. 
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From equations (2.4)-(2.6), It is observed that inductances are function of 

rotor position which is the angle between positive stator d-axis direction and stator current 

phasor in synchronously rotating frame fixed to rotor as shown in fig. 2.1. Therefore, the 

stator winding’s flux linkage induced by permanent magnets can be rewritten in the 

following way: 

 𝜆𝑚𝑎 = 𝜆𝑝𝑚 cos ɵ (2.7) 

 𝜆𝑚𝑏 = 𝜆𝑝𝑚 cos (ɵ −
2𝜋

3
) (2.8) 

 𝜆𝑚𝑐 = 𝜆𝑝𝑚 cos (ɵ −
4𝜋

3
) (2.9) 

Here, 𝜆𝑝𝑚 is the amplitude of permanent magnet flux linkage and rotor angle 

(ɵ) is obtained by integrating the electrical speed of motor (ꙍ𝑒): 

 ɵ = ∫ ꙍ𝑒𝑑𝑡 + ɵ0 (2.10) 

Where, ɵ0 is the initial rotor position. 

In general, the PMSM is similar to the transformer with a rotating secondary 

winding and the coupling coefficient between rotor and stator windings changes 

continuously with respect to the rotor angle [20]. The PMSM can be modelled in 

synchronously rotating ‘abc’ reference frame which has continuous time-varying 

inductance values. Although, due to time-varying inductances such a model becomes 

quite complex. In 1929, Robert H. Park introduced an entirely novel approach known as 

Two-reaction theory or d-q Park transformation, intended to resolve the challenges 

associated with the time-varying inductance values. By using the Park transformation, the 

3-phase time varying-quantities are transformed into equivalent dc quantities in 

synchronously rotating d-q reference frame. The generalized form of Park transformation 

is given by: 

Let 𝑈 and 𝑇 represents the 3-phase time-varying electrical quantities i.e., 

currents, voltages, or flux-linkages and Park transformation matrix respectively. 

 [

𝑈𝑑

𝑈𝑞

𝑈0

] =
2

3
𝑇 [

𝑈𝑎

𝑈𝑏

𝑈𝑐

] (2.11) 

Where 𝑇 is: 
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 𝑇 = [

cos ɵ cos (ɵ −
2𝜋

3
) cos (ɵ +

2𝜋

3
)

sin ɵ sin (ɵ −
2𝜋

3
) sin (ɵ +

2𝜋

3
)

0.5 0.5 0.5

] (2.12) 

Thus, the 3-phase stator voltages in d-q reference frame are given by [46]: 

 [

𝑉𝑑

𝑉𝑞

𝑉0

] =
2

3
[

cos ɵ cos (ɵ −
2𝜋

3
) cos (ɵ +

2𝜋

3
)

sin ɵ sin (ɵ −
2𝜋

3
) sin (ɵ +

2𝜋

3
)

0.5 0.5 0.5

] [
𝑉𝑎

𝑉𝑏

𝑉𝑐

] (2.13) 

Here, 𝜆𝑞 and 𝜆𝑑 are q-axis and d-axis flux-linkages respectively, which can 

be written in the following way: 

 𝑉𝑠𝑑 = 𝑅𝑠𝐼𝑑 +
𝑑(𝐿𝑑𝐼𝑑+𝜆𝑝𝑚)

𝑑𝑡
− ꙍ𝑒𝐿𝑞𝐼𝑞 (2.14) 

 𝑉𝑠𝑞 = 𝑅𝑠𝐼𝑞 +
𝑑(𝐿𝑞𝐼𝑞)

𝑑𝑡
+ ꙍ𝑒(𝜆𝑝𝑚 + 𝐿𝑑𝐼𝑑) (2.15) 

Here, 𝐿𝑞 and 𝐿𝑑 are q-axis and d-axis inductances.  

 

Fig.2.2:  Equivalent circuit of PMSM in d-q frame. 

 Fig. 2 shows the dynamic equivalent circuit of PMSM in d-q frame. In the 

steady state at a constant speed 𝜆𝑑 and 𝜆𝑞 become time independent, hence, 
𝑑𝜆𝑑

𝑑𝑡
 and 

𝑑𝜆𝑞

𝑑𝑡
 

can be eliminated from the formulation. If the stator resistance is negligible or neglected, 

it follows that the PMSM model can be represented by a standard mathematical model in 

the d-q frame as follows [47]: 
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At steady-state, the time dependent components become zero and if the stator 

resistance is negligible then the voltage equations of PMSM in d-q frame at steady-state 

is given by: 

 𝑉𝑠𝑑 = −ꙍ𝑒𝐿𝑞𝐼𝑞 (2.16) 

 𝑉𝑠𝑞 = ꙍ𝑒(𝜆𝑝𝑚 + 𝐿𝑑𝐼𝑑) (2.17) 

Assuming the motor losses negligible, the output power of PMSM in d-q 

frame is given by: 

 𝑃𝑜𝑢𝑡 =
3

2
(𝑉𝑠𝑑𝐼𝑑 + 𝑉𝑠𝑞𝐼𝑞) (2.18) 

Substituting the equations (2.16) and (2.17) into (2.18), yields: 

 𝑃𝑜𝑢𝑡 =
3

2
ꙍ𝑒(𝜆𝑝𝑚𝐼𝑞 + (𝐿𝑑 − 𝐿𝑞)𝐼𝑑𝐼𝑞) (2.19) 

Also, the electrical speed of motor is given by: 

 ꙍ𝑒 =
𝑃

2
ꙍ𝑚 (2.20) 

Where, 
𝑃

2
 is number of pole-pairs. 

From the output power and motor speed expression presented in equations (2.19) and 

(2.20), the developed torque relation is given by: 

 𝑇𝑑 =
𝑃𝑜𝑢𝑡

ꙍ𝑚

3

2

𝑃

2
(𝜆𝑝𝑚𝐼𝑞 + (𝐿𝑑 − 𝐿𝑞)𝐼𝑑𝐼𝑞) (2.21) 

It is evident from the torque expression of PMSM that it is a combination of 

“reluctance torque” (due to difference in q-axis and d-axis inductance values) and 

“magnet excitation torque” (due to permanent magnets). 

However, the torque expression for SPMSM has magnetic excitation torque 

only because of its no saliency (𝐿𝑑 = 𝐿𝑞). 

The dynamic mechanical equation of PMSM can be written in the following way:  

 𝑇𝑑 = 𝑇𝑙 + 𝐽
𝑑ꙍ𝑚

𝑑𝑡
+ 𝐵ꙍ𝑚 (2.22) 

Here, 𝐽 is rotor’s moment of inertia, 𝐵 is viscous friction coefficient and 𝑇𝑙 is load torque. 
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2.3 CONTROL METHODS FOR PMSM 

 

The primary objective of any motor control technique is to achieve the 

required reference speed and for that purpose the output torque delivered by the motor 

needs to be controlled. The three widely used control methods for PMSM drives are:  

• V/f control 

• Direct torque control (DTC) 

• Field-oriented control (FOC) 

The V/f control method is cost-effective and easier to implement. Generally, 

the V/f method is implemented for the open-loop controls only. Hence, the encoder or 

resolver isn't needed here. Because of the inability to control torque, the V/f 

method isn't feasible for high performance drives. 

Out of these three-control techniques, FOC will be the most effective option 

for applications which requires fast dynamic response and high-performance. Typically, 

FOC is a dual closed loop control technique and in which an encoder or resolver is 

required for speed sensing in outer speed control loop. While, inner control loop is the 

current control loop and it indirectly controls the torque. Therefore, FOC has precise 

speed control and faster dynamic response. However, if sensorless approach is adopted 

then encoder or resolver won't be required which in turn reduces the implementation cost 

for this control method. 

DTC aims to merge the torque and flux control into a single switching 

algorithm rather than controlling the torque through current controller as in FOC [25]. 

Out of these control techniques, DTC provides the fastest torque response. In DTC, field 

orientation does not require the speed feedback. The main disadvantage of DTC is 

variable switching frequency with high torque ripples due to use of hysteresis controller. 

The main aim of the FOC algorithm is to regulate the phase and amplitude of 

stator current phasor, 𝐼𝑠, in order to achieve the desired torque and speed response. Fig. 

2.4 shows the FOC control scheme for the PMSM drive system. The control scheme 

consists two control loops, namely, the outer speed loop ensures that the reference speed 

command is followed by the drive while the inner current control loop ensures that desired 

torque demand is achieved which is the output of speed controller. Usually, the speed 
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controller design relies on the nature of control algorithm whereas the current controller 

design is based on the machine parameters. 

There are numerous control techniques used for conventional FOC method, 

including the MTPA and flux-weakening strategies [18–20]. In traction application, 

MTPA control is optimum for low-speed operation whereas for high-speed operation flux-

weakening control is needed. Though the flux-weakening and MTPA control 

employs various algorithms, they are fundamentally FOC approaches. 

 

2.3.1 MTPA Control Algorithm 

 

To generate maximum torque at a given current value, the torque angle “β” 

has to be controlled. In order to find the torque angle corresponding to maximum torque 

“βmax”, the torque expression for permanent magnet motors has to be analysed. 

As Surface mounted permanent magnet (SPM) motors have no saliency, d-

axis and q-axis phase inductances are equal, therefore reluctance torque is absent. The 

torque expression for SPM motors can be written as: 

 𝑇𝑑 =
3

2

𝑃

2
𝜆𝑚𝐼𝑞 (2.23) 

 

Fig.2.3:  Torque Angle 

From the Fig. 2.3, we can write:  

 𝐼𝑑 = 𝐼𝑠 cos 𝛽 (2.24) 

 𝐼𝑞 = 𝐼𝑠 sin 𝛽 (2.25) 
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where, 𝐼𝑠 is the amplitude of the peak stator phase current and 𝛽 is the 

torque angle which typically lies in the range 90° to 180°. 

By substituting the equation (2.25) into the torque expression in (2.23), we can obtain 

the following: 

 𝑇𝑑 =
3

2

𝑃

2
𝜆𝑚𝐼𝑠 𝑠𝑖𝑛 𝛽 (2.26) 

The torque angle which outputs the maximum torque can be obtained byi 

equating thei derivativei ofi thei torquei with respect to 𝛽 in (2.26) to 0, 

 
𝑑𝑇𝑑

𝑑𝛽
= 0 (2.27) 

 
𝑑𝑇𝑑

𝑑𝛽
=

3

2

𝑃

2
𝜆𝑚𝐼𝑠 cos 𝛽 = 0 (2.28) 

Using expression (2.24) in (2.28), we can obtain the following: 

 
3

2

𝑃

2
𝜆𝑚𝐼𝑑 = 0 (2.29) 

 𝐼𝑑 = 0 (2.30) 

Since, 𝐼𝑠
2 = 𝐼𝑑

2 + 𝐼𝑞
2, then 𝐼𝑞 can be written as follows: 

 𝐼𝑞 = √𝐼𝑠
2 − 𝐼𝑑

2 (2.31) 

Using (2.29) and (2.30), we can obtain the 𝐼𝑞 for MTPA control as follows: 

 𝐼𝑞 = 𝐼𝑠 (2.32) 

Thus keeping 𝐼𝑞_𝑀𝑇𝑃𝐴 = 𝐼𝑠 and 𝐼𝑑_𝑀𝑇𝑃𝐴 = 0 is the most suitable approach to 

generate maximum torque in SPM motor. 

Now the torque angle, 𝛽max, for the maximum torque condition in SPMSM is given by, 

 𝛽𝑚𝑎𝑥 = tan−1 (
𝐼𝑞_𝑀𝑇𝑃𝐴

𝐼𝑑_𝑀𝑇𝑃𝐴
) (2.33) 

 𝛽𝑚𝑎𝑥 = 90° (2.34) 

However, in the vector control strategy used for this PMSM drive, the q-axis 

current reference is set by the outer speed loop based on the reference torque demand. 

Thus the 𝐼𝑞_𝑟𝑒𝑓 can be written as follows: 
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 𝐼𝑞_𝑟𝑒𝑓 =
𝑇𝑟𝑒𝑓

3

2

𝑃

2
𝜆𝑚

 (2.35) 

Therefore, for the MTPA control of SPM motors, the modified d- and q-axis 

currents with saturation limits can be expressed from the above information as follows: 

 𝐼𝑑_𝑠𝑎𝑡 = 𝐼𝑑_𝑀𝑇𝑃𝐴 (2.36) 

 𝐼𝑞_𝑠𝑎𝑡 = 𝑚𝑖𝑛(𝐼𝑞_𝑟𝑒𝑓 ,  𝐼𝑞_𝑀𝑇𝑃𝐴) (2.37) 

From (2.36) and (2.37) it is evident that, for every supplyi currenti valuei, therei 

exists ai particulari combination of d-axis and q-axis currents thati resultsi ini thei maximumi 

torquei operation and maximum torque angle is dependent on supply current value. 

 

Base Speed Calculation 

 

Base speed is described as the maximum attainable speed at which rated 

current is drawn by the motor at a given supply voltage outside the field weakening 

region. In other words, at this point phase voltage needed to supply rated current is equal 

to the available supply voltage. 

The inverter voltage constraints are given by: 

 𝑉𝑠𝑑
2 + 𝑉𝑠𝑞

2 ≤ 𝑉𝑚𝑎𝑥
2  (2.38) 

and,  𝑉𝑚𝑎𝑥 =
𝑉𝑑𝑐

√3
− 𝑅𝑠𝐼𝑚𝑎𝑥 (2.39) 

where,  𝑉𝑚𝑎𝑥 is the maximum fundamental line to neutral voltage (peak) 

supplied to the motor (Volts) and  𝐼𝑚𝑎𝑥 is the maximum phase current (peak) of the motor 

(Amperes). 

Using the steady-state FOC equations in the d-q reference frame: 

 𝑉𝑠𝑑 = 𝐼𝑑𝑅𝑠 − ω𝑒𝐿𝑞𝐼𝑞 (2.40) 

 𝑉𝑠𝑞 = 𝐼𝑞𝑅𝑠 + 𝜔𝑒𝐿𝑑𝐼𝑑 + 𝜔𝑒𝜆𝑝𝑚 (2.41) 

Where, 𝐼𝑞 is the d-axis phase current corresponding to MTPA (Amperes). 

            𝐼𝑑 is the d-axis phase current corresponding to MTPA (Amperes). 
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Using equations (2.38) using (2.40) and (2.41) and substituting corresponding 

MTPA d and q-axis phase current values, 𝐼𝑞 (𝑚𝑡𝑝𝑎) = 𝐼𝑚𝑎𝑥 and 𝐼𝑑 (𝑚𝑡𝑝𝑎)= 0, gives: 

 (−ω𝐵𝑆𝐿𝑠𝐼𝑚𝑎𝑥)2 + (𝐼𝑚𝑎𝑥𝑅𝑠 + ω𝐵𝑆λ𝑝𝑚)
2

= 𝑉𝑚𝑎𝑥
2  (2.42) 

Solving this quadratic equation for base speed ω𝐵𝑆 before field weakening is 

applied, gives solutions: 

 ω𝐵𝑆 (𝑚𝑜𝑡𝑜𝑟𝑖𝑛𝑔) =
−2λ𝑝𝑚𝐼𝑚𝑎𝑥𝑅𝑠+√(2λ𝑝𝑚𝐼𝑚𝑎𝑥𝑅𝑠)

2
−4(λ𝑝𝑚

2 +(𝐿𝑠𝐼𝑚𝑎𝑥)2)((𝐼𝑚𝑎𝑥𝑅𝑠)2−𝑉𝑚𝑎𝑥
2 )

2(λ𝑝𝑚
2 +(𝐿𝑠𝐼𝑚𝑎𝑥)2)

  (2.43) 

 ω𝐵𝑆 (𝑏𝑟𝑎𝑘𝑖𝑛𝑔) =
−2λ𝑝𝑚𝐼𝑚𝑎𝑥𝑅𝑠−√(2λ𝑝𝑚𝐼𝑚𝑎𝑥𝑅𝑠)

2
−4(λ𝑝𝑚

2 +(𝐿𝑠𝐼𝑚𝑎𝑥)2)((𝐼𝑚𝑎𝑥𝑅𝑠)2−𝑉𝑚𝑎𝑥
2 )

2(λ𝑝𝑚
2 +(𝐿𝑞𝐼𝑚𝑎𝑥)

2
)

  (2.44) 

 

2.3.2 Field-Weakening Control Algorithms 

 

As back-EMF is directionally proportional to the motor speed and air gap 

flux, hence with the increasing speed back-EMF also increases. At one-point maximum 

output voltage of the drive and back-EMF becomes equal, thereby unable to draw more 

armature current and hence no further torque can be produced. Therefore, for wide speed 

range, air-gap flux has to be reduced. 

In field-weakening operation, a negative d-axis current is injected in the stator 

to establish a demagnetizing MMF which will negate the MMF due to PMs placed on the 

rotor. This results in the weakening of resultant air-gap flux and hence a wide speed range 

can be attained by implementing flux-weakening control. 

 There are several flux-weakening control algorithms used for SPMSM. 

However, the most widely used flux-weakening algorithms for SPMSM are: 

1. Constant voltage constant power control 

2. Voltage and current limited flux-weakening control 

 

1. Constant-voltage-constant-power (CVCP) control: 

 

 As the title itself indicates, this approach maintains the voltage and power 

constant by forcing current phasor to follow constant power trajectory. However, in the 

vector control strategy used for this PMSM drive, the q-axis reference current is set by 



20 

 

 

 

the outer speed loop based on the reference torque demand. Thus, only the d-axis 

reference current is calculated by the CVCP algorithm. 

Then 𝐼𝑞_𝑓𝑤 and 𝐼𝑑_𝑓𝑤 can be written as follows: 

 𝐼𝑞_𝑓𝑤 =
𝑇𝑟𝑒𝑓

3

2

𝑃

2
𝜆𝑚

 (2.45) 

As a constant voltage operation, q-axis voltage needs to be constant while as 

a constant power operation, the q-axis voltagei componenti value shouldi be kept ati thei 

basei speedi, which can be expressed as follows: 

 𝑉𝑞 = 𝑉𝑞𝑏 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 (2.46) 

The component at the base speed is expressed by the MTPA operation 

conditions, 𝐼𝑑 = 0 for SPM motors, as base speed is described as the maximum attainable 

speed outside the field weakening region. 

 𝑉𝑞𝑏 = ω𝐵𝑆𝜆𝑚 (2.47) 

Substituting, 𝑉𝑞 = 𝜔𝑒(𝜆𝑚 + 𝐿𝑑𝐼𝑑) and (2.47) into (2.46), we can get the following: 

 𝜔𝑒(𝜆𝑚 + 𝐿𝑑𝐼𝑑) = ω𝐵𝑆𝜆𝑚 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 (2.48) 

 𝐼𝑑_𝑓𝑤 =
(𝜔𝐵𝑆−𝜔𝑒)𝜆𝑚

𝜔𝑒𝐿𝑑
 (2.49) 

From the above information the d- and q-axis currents with saturation limits can be 

expressed as follows: 

 𝐼𝑑_𝑠𝑎𝑡 = 𝑚𝑎𝑥(𝐼𝑑_𝑓𝑤, −𝐼𝑚𝑎𝑥) (2.50) 

 𝐼𝑞_𝑙𝑖𝑚 = √𝐼𝑚𝑎𝑥
2 − 𝐼𝑑_𝑠𝑎𝑡

2  (2.51) 

 𝐼𝑞_𝑠𝑎𝑡 = 𝑠𝑎𝑡(𝐼𝑞_𝑓𝑤,  𝐼𝑙𝑖𝑚) (2.52) 

The saturation function used for determining 𝐼𝑞_𝑠𝑎𝑡 is expressed as follows: 

If   𝐼𝑞_𝑓𝑤 < −𝐼𝑞_𝑙𝑖𝑚,  then        𝐼𝑞_𝑠𝑎𝑡 = −𝐼𝑞_𝑙𝑖𝑚 

If   𝐼𝑞_𝑓𝑤 > 𝐼𝑞_𝑙𝑖𝑚,  then        𝐼𝑞_𝑠𝑎𝑡 = 𝐼𝑞_𝑙𝑖𝑚 

If −𝐼𝑞_𝑙𝑖𝑚 ≤ 𝐼𝑞_𝑓𝑤 ≥ 𝐼𝑞_𝑙𝑖𝑚, then        𝐼𝑞_𝑠𝑎𝑡 = 𝐼𝑞_𝑓𝑤 
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2. Voltage and current constraint flux-weakening control: 

 

 Generally, all the flux-weakening control algorithms considers two 

constraints specifically the maximum current and maximum voltage. In a motor-drive 

system, the motor’s thermal dissipation decides the current limitation while the limited 

DC bus voltage of the drive side decides the voltage limitation. 

 𝑉𝑠𝑑
2 + 𝑉𝑠𝑞

2 ≤ 𝑉𝑠_𝑚𝑎𝑥
2  (2.53) 

 𝐼𝑑
2 + 𝐼𝑞

2 ≤ 𝐼𝑠_𝑚𝑎𝑥
2  (2.54) 

 

Fig.2.4:  Voltage and Current limiting curves of SPMSM. 

 In above base speed operation, the reference currents generated for MTPA 

operation could not keep the maximum phase voltage within the voltage limitation. 

Hence, torque generation in flux-weakening control is limited by both voltage and current 

constraints.  

 Therefore, the reference currents for flux-weakening control are obtained by 

fulfilling both the critical conditions aforementioned in equation (2.53) and (2.54) and in 

order to maximize the torque, the phase voltage and supply current values will be kept at 

maximum level i.e., �̂�𝑠 = �̂�𝑠_𝑚𝑎𝑥 and 𝐼𝑠 = 𝐼𝑠_𝑚𝑎𝑥. 

From current limitation given in equation (2.54), we can get, 

 𝐼𝑞 = √𝐼𝑠_𝑚𝑎𝑥
2 − 𝐼𝑑

2 (2.55) 

Substituting the equation (2.16), (2.17) and (2.55) into the critical condition 

given in (2.53), yields the d-axis current for flux-weakening: 
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 𝐿𝑠
2(𝐼𝑠_𝑚𝑎𝑥

2 − 𝐼𝑑
2) + (𝐿𝑠𝐼𝑑 + 𝜆𝑚)2 =  (

𝑉𝑠_𝑚𝑎𝑥

ꙍ𝑒
)

2

 (2.56) 

 𝐿𝑠
2𝐼𝑠_𝑚𝑎𝑥

2 − 𝐿𝑠
2𝐼𝑑

2 + 𝐿𝑠
2𝐼𝑑

2 + 𝜆𝑚
2 + 2𝜆𝑚𝐿𝑠𝐼𝑑 =  (

𝑉𝑠_𝑚𝑎𝑥

ꙍ𝑒
)

2

 (2.57) 

 𝐼𝑑_𝑓𝑤 =  − (
𝐿𝑠

2𝐼𝑠_𝑚𝑎𝑥
2 +𝜆𝑚

2 −(
�̂�𝑠_𝑚𝑎𝑥

ꙍ𝑒
)

2

2𝜆𝑚𝐿𝑠
) (2.58) 

The q-axis current for flux-weakening is obtained by substituting the equation (2.58) 

back into (2.55), 

 𝐼𝑞_𝑓𝑤 = √𝐼𝑠_𝑚𝑎𝑥
2 − 𝐼𝑑_𝑓𝑤

2  (2.59) 

From the above information the d- and q-axis currents with saturation limits can be 

expressed as follows: 

 𝐼𝑑_𝑠𝑎𝑡 = 𝑚𝑎𝑥(𝐼𝑑_𝑓𝑤, −𝐼𝑚𝑎𝑥) (2.60) 

 𝐼𝑞_𝑙𝑖𝑚 = √𝐼𝑚𝑎𝑥
2 − 𝐼𝑑_𝑠𝑎𝑡

2  (2.61) 

 𝐼𝑞_𝑠𝑎𝑡 = 𝑠𝑎𝑡(𝐼𝑞_𝑓𝑤,  𝐼𝑙𝑖𝑚) (2.62) 

The saturation function used for determining 𝐼𝑞_𝑠𝑎𝑡 is expressed as follows: 

If   𝐼𝑞_𝑓𝑤 < −𝐼𝑞_𝑙𝑖𝑚,  then        𝐼𝑞_𝑠𝑎𝑡 = −𝐼𝑞_𝑙𝑖𝑚 

If   𝐼𝑞_𝑓𝑤 > 𝐼𝑞_𝑙𝑖𝑚,  then        𝐼𝑞_𝑠𝑎𝑡 = 𝐼𝑞_𝑙𝑖𝑚 

If −𝐼𝑞_𝑙𝑖𝑚 ≤ 𝐼𝑞_𝑓𝑤 ≥ 𝐼𝑞_𝑙𝑖𝑚, then        𝐼𝑞_𝑠𝑎𝑡 = 𝐼𝑞_𝑓𝑤 

 

2.4 CONTROL SCHEME FOR SPMSM BASED ON CONVENTIONAL 

INVERTER 

 

Fig. 2.5 shows the system configuration for implementing the field-oriented control 

strategy for MTPA and flux weakening operation of PMSM drive. 
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As shown in Fig. 2.5, the operating mode of the drive is chosen based on the 

operational speed requirement. If below base speed operation is required MTPA control 

is opted otherwise flux-weakening operation is selected. The base speed is obtained from 

the steady state stator voltage equations while the motor speed is sensed. Using the MTPA 

and flux-weakening control algorithms, d-axis (Id_MTPA, Id_fw) and q-axis currents (Iq_MTPA, 

Iq_fw) are generated. The error signal generated from the outer speed loop serves as input 

to speed controller which outputs Iqref. Then the q-axis and d-axis currents generated from 

their respective control algorithms are limited by their saturation function, discussed in 

the controlling strategy. The operating region, MTPA or flux-weakening, is decided based 

on the decision whether the motor is required to operate above or below the base speed. 

Three phase stator winding currents are transformed into the d-q frame based on rotor 

angle (ɵ) acquired by integrating the electrical speed (ꙍe) of the motor. Then based on the 

decision, the saturated q and d-axis currents (Iq_sat, Id_sat) are then selected and compared 

with Iq and Id. This error signal serves as input for inner current PI controllers, their 

outputs are then subjected to the feed-forward compensation to nullify the cross-coupling 

terms appear in d-axis and q-axis voltages and generates reference voltages [48]- [49], 

Vsd
*and Vsq

*. The q-axis feed-forward compensation component, Vq_ff, added in q-axis 

current controller output is given by (LsꙍeId + λmꙍe) and d-axis feed-forward 

compensation component, Vd_ff, subtracted from d-axis current controller output is given 

by (LsꙍeIq). The reference voltages thus obtained are transformed from d-q to abc 

reference frame which then serves as modulation signal to a conventional two-level 

inverter to produce suitable control pulses. 

 

2.5 Simulation Results 

 

A wide speed range vector controlled PMSM drive was simulated for three 

dynamic cases, specifically, load perturbation at constant speed, speed perturbation at 

given load and speed reversing at constant load. In constant torque zone, MTPA algorithm 

is implemented while in constant power zone, Voltage and current limited flux-weakening 

algorithm is implemented.  

PMSM drive is supplied from a DC bus of 300 V and rating of parameters 

used in modelling of PMSM are listed in Table II. Maximum attainable phase voltage is 

set to 94 % of its absolute value to account for IGBT on state resistance and variations in 
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motor parameters due to temperature and saturation effects. Based on the given supply 

voltage and motor parameters, drive’s base speed is calculated as 2120 rpm. 

TABLE 2.1. 

PMSM RATING 

Rated Speed 3000 rpm 

Rated Power 3.4 kW 

Rated Current 6.9 A 

Rated Torque 11 N-m 

Poles 6 

Rs 0.965 Ω 

Ls 5.7 mH 

J 0.0011 Kg-m2 

KT 1.6 N-m/A rms 

λm 0.2514 V-s 

Ke 96.73 Vrms (L-L)/krpm 
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Fig.2.6:  Speed perturbations at constant load. 

Fig. 2.6 shows the dynamic performance of PMSM drive during speed 

perturbation. Initially, PMSM drive is started with 1500 rpm as reference speed at 4 N-m 

load. Then reference speed is perturbed, till the generated torque can meet the load 

demand, at interval of 0.15 sec. The drive successfully tracked the reference speed up to 

2800 rpm, thus the speed range is extended by 32% at a load of 4 N-m. It delivers a 

constant load except during speed perturbations where torque level is increased in order 

to accelerate. Until the base speed, magnitude of the stator currents remains constant 

except for brief occasions during speed perturbation and then increases in flux-weakening 

region owing to increase in d-axis current. However, the frequency changes in accordance 

to the speed. 
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Fig.2.7:  Load perturbations at constant speed. 

Fig. 2.7 shows the dynamic performance of PMSM drive during load 

perturbation. Initially, PMSM drive is subjected to load of 4 N-m at a constant speed of 

2500 rpm. Further, load torque is incremented by 2 N-m at 0.15 sec and then decreased 

by 2 N-m at 0.25 sec. PMSM drive successfully delivered the demanded torque and 

maintained the constant speed of 2500 rpm. The magnitude of stator currents changes in 

accordance with the load torque whereas the frequency remains constant due to constant 

speed operation. 
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Fig.2.8:  Speed reversal at constant load. 

 Fig. 2.8 shows the dynamic performance of PMSM drive during speed 

reversing. Initially, PMSM drive is started with 1000 rpm as reference speed at 2 N-m 

load then at 0.2 sec reference speed is reversed. The PMSM drive went through speed 

reversal from 1000 rpm to –1000 rpm effectively. It delivered a constant load except 

during brief intervals of initial acceleration and speed reversal, where torque changes in 

accordance with the direction of rotation. The magnitude and frequency of the stator 

currents remains constant except during intervals of initial acceleration and speed 

reversal. At the time of speed reversal, phase sequence of the current’s reverses. 

 

2.6 CONCLUSION 

 

In this chapter, first in section 2.2 mathematical modelling of PMSM is 

demonstrated then in section 2.3 control methods of PMSM are introduced including 

MTPA and various flux-weakening techniques. In section 2.4 a wide speed range SPMSM 

drive control scheme aimed for providing the maximum efficiency and extended speed 

range operations is discussed and realized in MATLAB/Simulink environment. The 
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simulation result shows that, in MTPA control the PMSM drive is operating in optimum 

current way and demonstrates smooth transition between MTPA and flux-weakening 

control. The field weakening control shows stable response to the load torque 

disturbances and successfully achieves an extended speed range. 
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CHAPTER 3 

 

Z-SOURCE INVERTER 

 

 

3.1 INTRODUCTION 

 

ZSI has a unique impedance circuit comprises of capacitors and inductors 

which couple dc link with the inverter’s main circuit, as shown in fig. 3.1 This impedance 

networks allows ZSI to function as a buck-boost inverter [31]. 

 

Fig.3.1:  Z-Source Inverter. 

 A ZSI operates in two modes, namely the boost mode and normal mode. In 

normal mode it works similar to a conventional SPWM inverter whereas in boost mode, 

by using its shoot-through states it can directly boost the dc bus voltage. The shoot-

through operation gives ZSI its voltage boosting capability by turning on both the 

switches of same leg simultaneously which results in the charging of inductors present in 

the impedance network. 

 ZSI has many advantages over a conventional inverter which includes the 

voltage boosting ability, improved harmonic spectrum, improved power factor and ride-

through capability during voltage sags [31]. Additionally, it eliminates the risk of shoot-

through which will do a fatal harm in conventional voltage source inverter [31]. 

 Voltage boost capability can also be achieved by implementing a two-stage 

conventional inverter, where dc bus voltage is boosted using a dc-dc converter. Although 

in comparison to ZSI based drives, such drives require additional switching device for 
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dc-dc converter, big size capacitors owing to increase in dc bus voltage and offers lower 

efficiency. Hence, ZSI based drives are better option. 

TABLE-3.1. 

PERMISSIBLE SWITCHING STATES OF ZSI  

Switch Active states 
Zero 

states 
Shoot-through states 

SI 1 1 0 0 0 1 0 1 1 0 0 1 1 0 1 

S4 0 0 1 1 1 0 1 0 1 0 0 1 1 0 1 

S3 0 1 1 1 0 0 0 1 0 1 0 1 0 1 1 

S6 1 0 0 0 1 1 1 0 0 1 0 1 0 1 1 

S5 0 0 0 1 1 1 0 1 0 0 1 0 1 1 1 

S2 1 1 1 0 0 0 1 0 0 0 1 0 1 1 1 

 

 The control techniques for ZSI are special because of its unique shoot-through 

states. Apart from the two zero and six active states, ZSI has seven possible shoot-through 

states shown in Table-2 which has to implement in the PWM 

 control. Out of these seven shoot-through states, shoot-through implemented using all 

three-phase leg generates least losses. The most widely used techniques for controlling 

ZSI are, namely, maximum boost method [42], maximum constant boost method [41] and 

simple boost method [35]. In this work ZSI is controlled using the maximum boost 

technique because of its merits over other techniques, including least voltage stress on 

switching device and highest voltage gain [50]. 

 

3.2 OPERATING PRINCIPLE OF ZSI 

 

The ZSI has same operating principle to that of a dc-dc boost converter which 

boosts the output voltage by utilizing a charged inductor and then maintains the output 

voltage constant using a capacitor. Therefore, in order to obtain the voltage boosting 

abilities a charged inductor is essential. As a result, a unique mode of operation called 

shoot-through mode is implemented on the inverter, which simultaneously turns on both 

the switching devices of the same phase leg in inverter and shorts the load. In shoot-

through state, because of the shorting of load the inductor begins charging. The shoot-
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through operation isn’t allowed in conventional inverter as this will results in the short-

circuiting of dc bus.  

As shoot through states are needed in ZSI, then total operating states in 3-

phase ZSI increases to nine, that comprises one shoot-through state, two zero states and 

six active states. The nine permissible operating states of ZSI are presented in Table 3.1. 

From Table 3.1 it is clear that there are seven possible ways to generate shoot-through 

states, which are produced either by shorting the one phase leg or the combination of any 

two or all phase legs. However, the least conduction losses are offered during the shoot-

through when all three phase legs are shorted.  

 

 

(a) Zeroi statei 

 

(b) Activei statei 
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(c) Shoot-Through state 

 

Fig.3.2:  Equivalenti circuit of ZSI. 

 Fig. 3.2 (a) shows the zero-state operation of ZSI, in this mode the load is 

open-circuited which means that inductors will discharge and at steady state the inductor 

currents will drop to zero. In addition, during zero-state capacitors are charging. Here, 

diode, 𝐷1, conducts till the current through inductor decreases to zero and at that instant 

capacitor will be charged fully to its peak value. 

Fig. 3.2 (b) shows the active-state operation of ZSI, in this mode both the 

inductors will discharge and diode, 𝐷1, keep conducting. Therefore, during discharging 

the inductor currents will continue to drop and both the inductors become voltage sources 

in order to sustain the current flow. In active-state, the voltage across the inverter bridge 

is same as the output voltage of Z-source network. 

Therefore, the voltage across the Z-source network, 𝑣𝑖, is given by: 

 𝑣𝑖 = 𝑉𝑑𝑐 + 𝑣𝑙1 + 𝑣𝑙2 (3.1) 

 From equation (3.2), it is clear that in active-state output voltage exceeds the 

dc bus. Assuming the symmetrical Z-impedance network, i.e., 

 𝑣𝑙1 = 𝑣𝑙2   𝑎𝑛𝑑 𝑣𝑐1 = 𝑣𝑐2 (3.2) 

The voltage across the inductors and capacitors of ZSI during active-state will be: 

 𝑣𝑙1 = 𝑣𝑙2 = 𝑣𝑙𝑎         𝑣𝑐1 = 𝑣𝑐2 = 𝑣𝑐𝑎 (3.3) 
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From KVL, the relation between capacitor voltage, 𝑣𝑐𝑎, and inductor voltage, 

𝑣𝑙𝑎, is given by: 

 𝑣𝑙𝑎 = 𝑣𝑐𝑎 − 𝑉𝑑𝑐 (3.4) 

Using equations (3.3) and (3.4) in (3.1), we get: 

 𝑣𝑖 = 𝑉𝑑𝑐 + 2𝑣𝑙𝑎 = 2𝑣𝑐𝑎 − 𝑉𝑑𝑐 (3.5) 

Fig. 3.2 (c) shows the shoot-through state operation of ZSI, in this mode the 

load is short-circuited and diode, 𝐷1, stops conducting. Also, the capacitor 𝐶1 and 𝐶2 

which are fully charged during the zero-state will starts discharging through the inductors 

𝐿1 and 𝐿2 respectively. Therefore, the inductors are charging in shoot-through mode 

which are required for the voltage boosting operation of ZSI. Moreover, it is clear that 

only half of the charging current will flow through the phase legs if both the phase-legs 

are shorted which verifies that shoot-through state produced by shorting all phase legs 

results in the least conduction loss across the switching devices. 

The voltage across the Z-source network, 𝑣𝑖, is given by: 

 𝑣𝑖 = 0 (3.6) 

The voltage across the inductors and capacitors of ZSI during shoot-through state will be: 

 𝑣𝑙1 = 𝑣𝑙2 = 𝑣𝑙𝑠         𝑣𝑐1 = 𝑣𝑐2 = 𝑣𝑐𝑠 (3.7) 

and,  𝑣𝑙1 = 𝑣𝑐1         𝑣𝑙2 = 𝑣𝑐2 (3.8) 

Considering Capacitors in Z-impedance network are sufficiently large for 

maintaining the output voltage constant over the switching period, then the voltage across 

the capacitors in active and shoot-through states can be written as: 

 𝑣𝑐𝑎 = 𝑣𝑐𝑠 = 𝑉𝑐 (3.9) 

In steady-state, the average inductor voltage during a switching cycle must be 

zero. Therefore, the average voltage across the inductors can be written as follows: 

 〈𝑣𝑙〉 =
𝑣𝑙𝑠𝑇𝑠+𝑣𝑙𝑎𝑇𝑎

𝑇
= 0 (3.10) 

Here, 𝑇𝑎 and 𝑇𝑠, are time interval for active and shoot-through states respectively. 



35 

 

 

 

 In steady-state operation, zero-state isn’t considered. Thus, the switching time 

period, 𝑇, is given by: 

 𝑇 = 𝑇𝑎 + 𝑇𝑠 (3.11) 

Using equation (3.9) into (3.4), (3.7) and (3.8), we get: 

 𝑣𝑙𝑎 = 𝑉𝑐 − 𝑉𝑑𝑐         𝑣𝑙𝑠 = 𝑉𝑐 (3.12) 

Substituting the equation (3.12) into (3.10), the average inductor voltage can be written 

as: 

 〈𝑣𝑙〉 =
𝑉𝑑𝑐𝑇𝑠+(𝑉𝑐−𝑉𝑑𝑐)𝑇𝑎

𝑇
= 0 (3.13) 

or, 
𝑉𝑐

𝑉𝑑𝑐
=

𝑇𝑎

𝑇𝑎−𝑇𝑠
 (3.14) 

Similarly, the average voltage across the Z-impedance network is given by: 

 〈𝑣𝑖〉 =
〈𝑣𝑖𝑠〉𝑇𝑠+〈𝑣𝑖𝑎〉𝑇𝑎

𝑇
= 0 (3.15) 

 Here, 〈𝑣𝑖𝑎〉 and 〈𝑣𝑖𝑠〉 is average voltage across the Z-impedance network 

during active and shoot-through states respectively. 

From equations (3.5), (3.6) and (3.9), we can obtain: 

 〈𝑣𝑖𝑠〉 = 0           〈𝑣𝑖𝑎〉 = 2𝑉𝑐 − 𝑉𝑑𝑐 (3.16) 

Substituting the equation (3.16) into (3.15), the average voltage across the Z-impedance 

network can be written as: 

 〈𝑣𝑖〉 =
(2𝑉𝑐−𝑉𝑑𝑐)𝑇𝑎

𝑇
 (3.17) 

Using the equations (3.11) and (3.14) into (3.17), we can obtain: 

 〈𝑣𝑖〉 =
(2𝑉𝑐−

𝑇𝑎−𝑇𝑠
𝑇𝑎

𝑉𝑐)𝑇𝑎

𝑇𝑎+𝑇𝑠
= 𝑉𝑐 =

𝑇𝑎

𝑇𝑎−𝑇𝑠
𝑉𝑑𝑐 (3.18) 

Using equations (3.14) and (3.16), the peak value of 𝑣𝑖 is given by: 

 𝑣𝑖 = 𝑣𝑖𝑎 = 2𝑉𝑐 − 𝑉𝑑𝑐 =
𝑇𝑎+𝑇𝑠

𝑇𝑎−𝑇𝑠
𝑉𝑑𝑐 = 𝐾. 𝑉𝑑𝑐 (3.19) 

Here, 𝐾 is the boost factor achieved by the implementing the shoot-through states. 
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From equation (3.11) boost factor, 𝐾, can be rewritten as: 

 𝐾 =
𝑇

𝑇𝑎−𝑇𝑠
=

1

1−2
𝑇𝑠
𝑇

≥ 1 (3.20) 

 It is evident from the boost factor expression given in equation (3.20), if 

shoot-through time, 𝑇𝑠, is fixed to 0 then there will be no shoot-through states and the 

boost factor, 𝐵, becomes 1.  

Hence, under this condition the ZSI will operate as conventional inverter 

without its voltage boosting ability. Additionally, the average voltage across the Z-

impedance network, 〈𝑣𝑖〉, will be same as the dc bus voltage, 𝑉𝑑𝑐. 

The peak output phase voltage of inverter, 𝑣𝑎, in terms of peak voltage across 

the Z-impedance network, 𝑣𝑖, is given by: 

 𝑣𝑎 = 𝑀.
�̂�𝑖

2
 (3.21) 

Here, 𝑀 is the modulation index. 

Since, peak voltage across the Z-impedance network, 𝑣𝑖 is equivalent dc-bus 

voltage, 𝑉𝑑𝑐. Therefore, on using equation (3.19) into (3.21), we can obtain: 

 𝑣𝑎 = 𝑀. 𝐾
𝑉𝑑𝑐

2
= 𝐺.

𝑉𝑑𝑐

2
 (3.22) 

Here, 𝐺 is the voltage gain, whose value ranges from 0 < 𝐺 < ∞. 

 

3.3 CONTROL METHODS FOR ZSI 

 

 The control methods used for ZSI are special compared to those used for 

conventional inverter because of its unique shoot-through states. Based on different pulse 

width modulation techniques, the most widely used methods for controlling the ZSI are, 

• Simple boost method [31] 

• Maximum boost method [42] 

• Maximum constant boost method [41] 

 However, the maximum boost method has several merits over other methods, 

including the least voltage stress on switching device and highest voltage gain. 
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Maximum Boost Control 

 

 

Fig.3.3:  Maximum boost control of ZSI. 

 The maximum boost control shown in fig. 4, the instant when carrier signal 

value becomes either less than the minimum value of all three modulation signals or more 

than the maximum value of all three modulation signals, shoot-through control will be 

executed. Otherwise, the conventional PWM control is followed.  

 The above-mentioned control scheme is applicable till the modulation index, 

𝑀, of modulation signals satisfies the criteria given in equation (3.23), else again 

conventional PWM control has to be followed. 

 
√3π

9
< 𝑀 ≤ 1 (3.23) 

The peak output phase voltage, �̂�𝑜, for maximum boost control, is given by [42]: 

 �̂�𝑜 = 𝑀 · 𝐾 ·
𝑉𝐷𝐶

2
= 𝐺 ·

𝑉𝐷𝐶

2
 (3.24) 

where, 𝐺 is voltage gain and 𝐵 is boost factor given by: 

 𝐾 =
π

3√3𝑀−π
 (3.25) 

 The shoot-through duty ratio, 𝑑𝑠, for maximum boost control, which is the 

ratio of shoot-through time, 𝑡𝑠, by total time period, 𝑇𝑠𝑤, ranges from 0 to 0.5 is given by: 

 𝑑𝑠 =
2π−3√3𝑚𝑎

2π
 (3.26) 
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 The voltage stress, 𝑉𝑠𝑡𝑟𝑒𝑠𝑠, on the switching devices for maximum boost 

control can be given as follows, 

 𝑉𝑠𝑡𝑟𝑒𝑠𝑠 = 𝐾 · 𝑉𝐷𝐶 =
π

3√3𝑚𝑎−π
𝑉𝐷𝐶 (3.27) 

 

3.4 SIMULATION RESULTS 

 

 In order to validate the feasibility of control technique and analyse output 

voltage and current of ZSI, a ZSI model energising a balanced 3-phase RL load controlled 

using the maximum boost method is simulated in the MATLAB/Simulink environment. 

Additionally, the voltage stress across the switching devices and voltage gain provided 

by the aforementioned control method are also observed. The system parameters for the 

ZSI model are listed in Table-3.2. 

Table-3.2 

 

ZSI Parameters 

DC Bus (𝑉𝑑𝑐) 485 𝑉 

Z-Impedance 

Network 

𝐿1 400 𝜇𝐻 

𝐿2 400 𝜇𝐻 

𝐶1 2200 𝜇𝐹 

𝐶2 2200 𝜇𝐹 

R-L Load: 𝑅 1 Ω 

𝐿 3 𝑚𝐻 

Switching Frequency (𝑓𝑠𝑤) 5 𝐾𝐻𝑧 

 

 

Fig.3.4:  ZSI with balanced 3-phase RL load. 
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Fig.3.5:  Voltage gain vs modulation index. 

Fig. 3.5 shows the voltage gain, 𝐺, vs modulation index, 𝑀, for the maximum 

boost control. It is observed that the maximum achievable voltage gain of ZSI decreases 

with the increase in modulation index of reference signals which indicates the decrease 

in shoot-through time period, 𝑇𝑠. 

 
Fig.3.6:  Voltage stress vs voltage gain. 
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 Fig. 3.6 shows the voltage stress, 𝑉𝑠𝑡𝑟𝑒𝑠𝑠, vs voltage gain, 𝐺, for the maximum 

boost control. It is observed that the voltage stress across the switching devices of inverter 

bridge rises with the increase in voltage gain provided by the ZSI. Therefore, it is obvious 

that higher voltage gain is achieved at the cost of large voltage stresses and for handling 

such large stresses high ratings switches will be required. 

 

 

 

Fig.3.7:  Output waveforms of ZSI for the maximum boost control. 

 Fig. 3.7 shows the output voltages and current waveforms of the ZSI for the 

maximum boost control with modulation index, 𝑀 = 0.8. It is observed from the results 
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that line-line output voltage which has peak value of approximately 590 V exceeds the dc 

bus voltage level of 310 V. Hence, the voltage boosting capabilities of the ZSI are proved. 

 

 

 

Fig.3.8: line-line output voltage waveforms of ZSI for different modulation indexes. 

 Fig. 3.8 shows the line-line output voltage waveform of ZSI with maximum 

boost control for different modulation indexes. From the decreasing peak values of line-

line output voltage it is observed that the boost factor, which is the measure of how much 

times the voltage across Z-impedance network has increased, decreases with the increase 

in modulation index. 
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3.5 CONCLUSION 

 

 In this chapter, first in section 3.1 a brief introduction of the ZSI is presented 

then in section 3.2 the operating principle of the ZSI for different operating states, i.e., 

zero-state, active state and shoot-through state, is explained. Further, the analytical 

expression for the voltage gain and peak inverter output voltage has been obtained. In 

section 3.3 maximum boost control method for ZSI is explained and the maximum 

achievable voltage gain for the aforementioned control method is obtained. In section 3.4 

in order to validate the feasibility of control technique and analyse the output waveforms, 

voltage gain and voltage stress across the switching devices a ZSI model with balanced 

3-phase RL load using the maximum boost method is simulated in MATLAB/Simulink. 
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CHAPTER 4 

 

BOOSTED VOLTAGE FLUX-WEAKENING CONTROL 

OF SPMSM based on ZSI 

 

 

4.1 INTRODUCTION 

 

The research on permanent magnet synchronous motor (PMSM) has drawn a 

lot of attention recently in various industrial applications, especially in electric vehicles 

(EV) due to its large torque-to-inertia ratio, smaller size, higher efficiency, high-power 

density and faster dynamic response [8]. 

 Electrical drives in traction application requires wide CPSR operation, as 

shown in fig. 4.1. However, due to permanent magnets mounted on the rotor PMSM drives 

has small constant power speed range [2]. As back-EMF increases proportionally to the 

air gap flux and motor speed, therefore at one point back-EMF becomes equal to the 

drive’s maximum output voltage. As a result, drive cannot draw more armature current, 

hence further torque generation is not possible and thereby motor speed cannot be 

increased without reducing the air-gap flux. Thus, to overcome this limitation, PMSM 

drives are operated with flux-weakening control for wide speed operation. In flux-

weakening operation, the resultant air-gap flux is reduced by supplying negative d-axis 

stator current which will indirectly opposes the MMF (demagnetizing) produced by the 

permanent magnets mounted on the rotor. 

 

Fig.4.1:  Typical torque/power vs speed curve of PMSM. 

Some recent flux-weakening control methods for the control of PMSM drives 

has been discussed in the literatures. An outer stator voltage loop is implemented which 
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adjusts the current for flux-weakening control in order to prevent the saturation of current 

regulator in [23]. The performance of current controller is improved using a voltage 

command compensation in flux-weakening region in [24]. A current feedback control 

algorithm is implemented in flux-weakening operation using phase advance principle in 

[12]. Although all these controlling methods provides high-performance with fast 

dynamic response, they are limited by voltage constraint of the drive side. The maximum 

output voltage capability of a drive is crucial for deep flux-weakening operation. 

To solve the above-mentioned issue of voltage constraint, a boosted voltage 

flux-weakening strategy is adopted in this work to expand the constant power speed range 

by utilizing the voltage boost ability of ZSI, that can output voltage significantly greater 

than the dc bus voltage [31]. In comparison to other conventional method, this boosted 

voltage flux-weakening control has no voltage constraint limitation and generates current 

reference which can maintain the output power constant. Additionally, a general flux-

weakening algorithm based upon voltage and current constraints is studied and its 

performance is compared with the proposed flux-weakening scheme. The ZSI will 

operates in boost mode only during constant power region while in constant torque region 

it operates as conventional inverter [35]. In boost mode a special shoot through state 

control is employed and boost factor for ZSI is regulated by the voltage reference 

generated by the current controllers 

 

4.2 BOOSTED VOLTAGE FLUX-WEAKENING ALGORITHM 

 

The voltage limitation circle, shown in figure. 2.4, gradually shrinks with the 

increase in speed, which indicates that at deep flux-weakening operating region becomes 

smaller. However, if a drive has voltage boosting abilities, then the voltage limitation 

circle can be controlled. 

The maximum attainable speed for a PMSM drive is given by: 

 ꙍ𝑚𝑎𝑥 =
𝑉𝑠_𝑚𝑎𝑥

√(𝐿𝑠𝐼𝑑+𝜆𝑝𝑚)
2

+(𝐿𝑠𝐼𝑞)
2
 (4.1) 

 It is apparent that, from equation (4.1), if a drive has voltage boosting 

abilities, then it is possible to further extend the maximum speed and, on this basis, a wide 

constant power speed range can be attained. Hence, instead of a conventional inverter, an 

inverter with voltage boosting ability is required like ZSI. 
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 Generally, the boosted voltage control is applicable in both the flux-

weakening zone and constant torque. Since maximum torque achieved in constant torque 

zone by implementing the MTPA operation has only current limitation. Therefore, the 

boosted voltage control has no effect in the constant torque zone. Though, the boosted 

output voltage from motor drive supports the generation of larger back-EMF and because 

of that the base speed will be further increased. Hence, with the boosted output voltage 

from drive it is possible to achieve the same speed range even without implementing the 

flux-weakening operation. 

 It is noticed from equation (4.1), increase in speed because of boosted voltage 

control in constant torque zone results in increase of maximum output voltage of motor 

drive by the same ratio. Whereas in flux-weakening zone, boosted voltage control has 

comparably slight increase in drive’s maximum output voltage because of the negative d-

axis current. Therefore, boosting the base speed to high levels by implementing the 

boosted voltage control in constant torque zone could cause large voltage stress on 

switching devices of motor drive. Additionally, at high-speed operation in application like 

EVs, requirement of torque isn’t very high as compared to interval when vehicle starts. 

That’s why implementation of boosted voltage control isn’t suggested in the constant 

torque zone. 

It is required to acquire an alternate flux-weakening strategy for the boosted 

voltage control because voltage and current constraints flux-weakening method is 

dependent on voltage limitation. The basic concept of BVFW control is to maintain the 

power output of PMSM drive constant and the operation is limited by the current 

constraint. 

The output power expression for SPMSM is given by: 

 𝑃𝑏 = 𝑇𝑑ꙍ𝑚 (4.2) 

 Where, ꙍ𝑚 is mechanical speed of motor and 𝑃𝑏 is rated output power 

available at the base speed. Using the torque relation from equation (2.33) in (4.2), the 

revised power expression is given by: 

 𝑃𝑏 = (
3

2

𝑃

2
𝜆𝑝𝑚𝐼𝑞) ꙍ𝑚 (4.3) 

 𝑃𝑏 =
3

2
𝜆𝑝𝑚𝐼𝑞ꙍ𝑒 (4.4) 
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 Since, BVFW operation is limited by the current constraint. Using the current 

constraint given in equation (2.55) into (4.4), the speed dependent d-axis current for 

BVFW control is given by: 

 𝑃𝑏 =
3

2
𝜆𝑝𝑚 (√𝐼𝑠_𝑚𝑎𝑥

2 − 𝐼𝑑
2) ꙍ𝑒 (4.5) 

 𝐼𝑑
2 = (𝐼𝑠_𝑚𝑎𝑥

2 −
4

9
(

𝑃𝑏

𝜆𝑝𝑚ꙍ𝑒
)

2

)

2

 (4.6) 

For flux-weakening operation, negative real root is chosen. 

 𝐼𝑑_𝑏𝑣𝑓𝑤 = −√𝐼𝑠_𝑚𝑎𝑥
2 −

4

9
(

𝑃𝑏

𝜆𝑝𝑚ꙍ𝑒
)

2

 (4.7) 

Substituting the d-axis current given in equation (4.7) into (2.55), the q-axis current is 

given by: 

 𝐼𝑞_𝑙𝑖𝑚 = √𝐼𝑠_𝑚𝑎𝑥
2 − 𝐼𝑑_𝑏𝑣𝑓𝑤

2  (4.8) 

 From equation (4.8), it is obvious that 𝐼𝑑_𝑏𝑣𝑓𝑤 will always be less than 

maximum peak phase current, 𝐼𝑠_𝑚𝑎𝑥. That’s why there is no need to limit it. However, q-

axis need to be limited using the saturation function as follows: 

I. If   𝐼𝑞_𝑟𝑒𝑓 < −𝐼𝑞_𝑙𝑖𝑚,         then 𝐼𝑞_𝑏𝑣𝑓𝑤 = −𝐼𝑞_𝑙𝑖𝑚 

II. If   𝐼𝑞_𝑟𝑒𝑓 > 𝐼𝑞_𝑙𝑖𝑚,                 then 𝐼𝑞_𝑏𝑣𝑓𝑤 = 𝐼𝑞_𝑙𝑖𝑚 

III. If   −𝐼𝑞_𝑙𝑖𝑚 ≤ 𝐼𝑞_𝑟𝑒𝑓 ≤ 𝐼𝑞_𝑙𝑖𝑚,     then 𝐼𝑞_𝑏𝑣𝑓𝑤 = 𝐼𝑞_𝑟𝑒𝑓 

 Since, BVFW control has no voltage limitation, it is recommended to operate 

the PMSM drive with this aforementioned control until the stator voltage becomes equal 

to the rated voltage for motor. 

From equations (2.56) and (3.22), peak phase voltage at stator terminals and 

from the ZSI output are rewritten here as follows, 

 �̂�𝑠 = √(ꙍ𝑒(𝐿𝑠𝐼𝑑 + 𝜆𝑝𝑚))
2

+ (ꙍ𝑒𝐿𝑠𝐼𝑞)
2
 (4.9) 

and, �̂�𝑜 = 𝐺 ·
𝑉𝑑𝑐

2
 (4.10) 
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 Therefore, the voltage gain needed in BVFW control for operating the PMSM 

drive at any particular speed is given by: 

 𝐺 =
2

𝑉𝑑𝑐

√(ꙍ𝑒(𝐿𝑠𝐼𝑑 + 𝜆𝑝𝑚))
2

+ (ꙍ𝑒𝐿𝑠𝐼𝑞)
2
 (4.11) 

 

4.3 CONTROL SCHEME FOR SPMSM DRIVES BASED ON ZSI 

 

 

Fig.4.2:  Control scheme for SPMSM drives based on ZSI. 

 Here, Fig. 4.2 shows the control scheme of SPMSM drive with boosted 

voltage flux-weakening control and maximum torque per ampere control. The operating 

zone of SPMSM drive is decided based on the decision whether the reference speed set 

is below or above the base speed value. In constant power zone, boosted voltage flux-

weakening control is implemented while in constant torque zone MTPA control is 

implemented. The q-axis and d-axis currents generated by the respective MTPA and 

BVFW control strategies are limited by their saturation function, to ensure safe operation 

of motor by maintaining the thermal limits. The error produced by comparing reference 

speed and sensed speed in outer speed loop is fed to the speed regulator. The output of 

speed regulator sets the q-axis reference current, 𝐼𝑞_𝑟𝑒𝑓, which will be considered in the 

saturation function. The stator winding currents are transformed into the d-q frame 

utilizing rotor angle information obtained by integrating the electrical speed. After 

transformation these sensed currents are compared with their saturated current references, 

selected based on operating zone. The error produced is fed to the current regulators in 
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inner current control loops. Then to nullify the cross-coupling terms appearing in stator 

voltage equations, the outputs of current regulators are subjected to feed-forward 

compensation [48] and after that d-axis and q-axis reference voltages are obtained. These 

reference voltages are transformed into abc reference frame which finally be used as 

modulation signals in maximum boost control of a ZSI. 

 

4.4 SIMULATION RESULTS 

 
 A wide speed range SPMSM drive is simulated to validate the boosted voltage 

flux-weakening algorithm with ZSI and its performance is compared with the 

conventional voltage and current constraints flux-weakening control without activating 

the control loops. The system ratings of the SPMSM drive with the ZSI are listed in the 

Table-4.1. 

TABLE-4.1. 

 

SYSTEM RATINGS 

VDC 485 V 

Rated Speed 3000 RPM 

Rated Torque 11 N-m 

Pole Pair 3 

Rated Current 6.9 A rms 

Rated Voltage (l-l) 380 V rms 

Peak Phase Voltage 310 V 

Rated Power 3455 W 

Ls 5.7 mH 

Rs 0.965 Ω 

λpm 0.2514 V-s 

KT 1.6 N-m/A rms 

J 0.0011 Kg-m2 

L1 = L2 400 μH 

C1 = C2 2200 μF 

fSW 5 KHz 
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Fig.4.3:  Output power vs speed trajectories. 

 

Fig.4.4:  Developed torque vs speed trajectories. 

 From the output power-speed curve of SPMSM drive shown in fig. 4.3, it is 

clear that BVFW control can deliver constant power in flux-weakening zone which isn’t 

possible in VCLFW control. From the developed torque-speed curve of SPMSM drive 

shown in fig. 4.4 shows, it is clear that BVFW control can deliver higher torque than the 

VCLFW control over a wide speed range without exceeding the current limit. 
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Fig.4.5:  Voltage vs speed trajectories. 

 Fig. 4.5 shows the voltage trajectories of the SPMSM drive for the discussed 

MTPA and BVFW control strategies. The peak phase voltage rises linearly with the motor 

speed in constant torque zone while in the constant power zone it slightly decreases in the 

beginning and then again rises with the motor speed. It is observed that during the BVFW 

control, the peak phase voltage is significantly increased than the �̂�𝑠_𝑚𝑎𝑥 that a 

conventional inverter can output, i.e., 0.5𝑉𝑑𝑐 (242.5 Volts) here. From the voltage vs 

speed trajectory, it is noticed that the rated peak phase voltage, which is 310 Volts, is 

attained at speed of 4560 rpm. Therefore, by implementing the BVFW control in constant 

power zone the speed range is extended by 52% which is 20% higher than which is 

obtained under VCLFW control. 
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Fig.4.6:  Dynamic performance under speed and load perturbations. 

 Fig. 4.6 shows the dynamic performance of SPMSM drive under speed and 

load perturbations. The drive effectively followed the reference speed up to 4500 rpm, 

which verifies the wide increase in constant power speed range, and delivers the 

demanded torque except during the speed perturbations and initial starting interval where 

increase in torque level indicates that drive is accelerating to attain steady state. In 

constant torque zone, d-axis current value is zero which is the optimal current for MTPA 

control of SPMSM while in constant torque zone, the d-axis current increases in the 

negative direction. The increase in d-axis is well within the maximum current limit and 

changes are in accordance to the expression derived in equation (4.7). The changes in q-

axis current are in accordance to the variation in developed torque. 

 

4.5 CONCLUSION 

 

 In this chapter, first in section 4.1 a brief introduction of the BVFW is 

presented then in section 4.2 an advanced boosted voltage flux-weakening algorithm 

based on ZSI is developed for SPMSM. In section 4.3 a wide speed range control scheme 
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for SPMSM drives is introduced in which MTPA control is implemented in constant 

torque zone while in constant power zone BVFW control is implemented. Further in 

section 4.4 the above-mentioned control scheme for SPMSM drives is simulated in 

MATLAB/Simulink environment under speed and load perturbations in order to validate 

the feasibility and merits of the ZSI based BVFW control. Additionally, in section 4.4 the 

performance of BVFW algorithm is compared with other flux-weakening algorithms and 

it is observed that BVFW control can maintain the output power constant during the flux-

weakening operation and provides a substantial increase in operating speed range because 

of the boosted phase voltage which indicates that the drive’s speed range during flux-

weakening is not limited by the voltage constraints. At the same time, it can deliver higher 

torque over an extended constant power speed range without increasing the phase 

currents. 
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CHAPTER 5 

 

SUMMARY AND CONCLUSION 

 

 

5.1 SUMMARY 

 

First, the literature review of PMSM, flux-weakening control techniques and 

ZSI is discussed in chapter 1 of this thesis. Then the problem related to the existence of 

large b-EMF values in flux-weakening zone is discussed. The concept of utilizing the 

voltage boosting abilities of ZSI aimed for achieving wide constant power speed range 

by overcoming the voltage constraint from drive becomes quite attractive because the 

commonly employed conventional 3-phase Inverter is basically a step-down converter. 

Second, the mathematical modelling of PMSM is demonstrated in Chapter 2 

of this thesis. In this chapter, the control algorithms for PMSM are also introduced 

including the MTPA and various flux-weakening strategies. Then a wide speed range 

SPMSM drive control scheme is discussed and realized in MATLAB/Simulink. in which 

MTPA and VCLFW control strategies are implemented for the low-speed and high-speed 

operations respectively. 

Third, a brief introduction of the ZSI and its operating principle for different 

operating states is presented in chapter 3 of this thesis. Then the maximum boost control 

method for ZSI is introduced and the analytical expression for the voltage gain and peak 

inverter output voltage are obtained. With the aim to properly understand how capacitors 

and inductors are charging and discharging in the Z-impedance network, details of the 

active and shoot-through states of ZSI are analysed. In order to validate the voltage 

boosting abilities of ZSI and feasibility of control method, a ZSI model with the maximum 

boost control is simulated in MATLAB/Simulink. 

Fourth, an advanced ZSI based flux-weakening strategy for SPMSM, namely, 

the boosted voltage flux-weakening is introduced in chapter 4 of this thesis. Then a wide 

speed range control scheme for SPMSM drives is discussed which includes the MTPA 

and BVFW control strategies for the constant torque zone and constant power zone 

respectively. Further, in order to validate the feasibility and merits of the ZSI based 

BVFW control the above-mentioned control scheme for SPMSM drives is simulated in 
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MATLAB/Simulink and the performance of BVFW algorithm is compared with other 

flux-weakening algorithms. 

 

5.2 CONCLUSION 

 

In this thesis, an advanced ZSI based boosted voltage flux-weakening strategy 

for SPMSM is discussed and simulated in MATLAB/Simulink environment. In high-

speed operation, i.e., above base speed, overcoming the large b-EMF values of PMSM by 

utilising the voltage boosting abilities of ZSI is the main contribution of this thesis. The 

BVFW control can significantly extend the speed range of PMSM as compared to the 

conventional flux-weakening strategies. In order to validate the feasibility and merits of 

the ZSI based BVFW control a SPMSM drive is simulated in MATLAB/Simulink and 

the performance of BVFW algorithm is compared with other flux-weakening algorithms. 

From the simulation results it is observed that BVFW control can maintain the output 

power constant during the flux-weakening operation and provides a substantial increase 

in operating speed range because of the boosted phase voltage which indicates that the 

drive’s speed range during flux-weakening is not limited by the voltage constraints. At 

the same time, it can deliver higher torque over an extended constant power speed range 

without increasing the phase currents. 
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