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Abstract 

The interest in multi-phase machines for high performance applications has been growing in recent 

years due to their potential advantages over the conventional three-phase machines. Multi-phase 

machines have advantages of fault tolerance and higher power capacity at low voltages compared 

to three-phase machines. Nine-phase brushless DC motor has additional advantages of high torque 

density, high efficiency and reduced stator current per phase without the need to increase the phase 

voltage. Sensored control of BLDC machine generally requires measuring the speed and position 

of rotor by using the sensor. The position sensors make the motor system more complicated, 

mechanically unreliable and expensive. In this thesis, effective sensorless control of nine-phase 

BLDC motor using Back-EMF waveform sensing is done. Thus, actual implementation of the 

motor using mathematical model of the machine and nine-phase inverter function based on the 

back-EMF sequence generated in the stator windings of nine-phase BLDC motor is simulated with 

the help of MATLAB Simulink software.  

For control of the motor PI speed controller is implemented to adjust DC-link voltage based on the 

error between actual speed and desired speed reference.  The controlled gain output of the PI 

controller is fed to the pulse amplitude modulation controlled DC-link voltage source. The result 

of the controller is investigated and the speed of the motor for different speed level using 

MATLAB Simulink software. And the result of the simulated speed response of the controller for 

different speed has been done and settling time is 0.005sec and rise time is 0.0026sec speed 

response controller. Phase voltages of the motor controlled based on the back-EMF waveform  

sequances . switching of  nine-phase voltage source inverter controlled has been done efectively 

based on the back-EMF. The simulation results obtained agree with the design objective.  

Keywords: Multiphase machine, eighteen-step inverter, nine phase BLDCM, sensorless control, 

back-EMF, zero-cross detection, commutation logic. 
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CHAPTER 1 

INTRODUCTION    

1.1     Background  

The field of multi-phase machines, though not new, is becoming an area of growing interest in 

recent years due to the wider range of possibilities. The initial motivation for the study of multi-

phase machines was the search for a reduction in the machine torque ripple. This is based on the 

fact that current harmonics that produce torque ripple in three phase machines are reduced or 

eliminated as the number of phases is increased. Multiphase motors are more fault tolerant 

comparing with conventional three phases. The motor can be operated normally if one or more 

phases are failed. [1-3]. 

BLDC motor have some advantages comparing with brush dc motors and induction motors.  The 

use of strong permanent magnets energy wastage of   motor is less so the efficiency will be high. 

These motors are less weight, volume, high reliability, less noise and less maintenance. Due to 

these advantages, the use of BLDC motor is growing rapidly in various applications [3]. The 

BLDC motor is sometimes referred to as an inside out DC motor because its armature is in the 

stator and the magnets are on the rotor and its operating characteristics resemble those of the dc 

motor [4], instead of using a mechanical commutator as in the conventional dc motor, the BLDC 

motor employs electronic commutation which makes it a virtually maintenance-free motor. Thus, 

multiphase motor drive.  can be good choice where high reliability and power density required. In 

areas such as aerospace, ship propulsion, military applications where requirements are not 

oppressive when compared with overall demands [2]. The rotor position is dedicated either by 

position sensors or by sensorless techniques. BLDC motors have many advantages over 

conventional dc motors, a few of these are [3]: 

• Long operating life  

• High dynamic response  

• High efficiency  

• Better speed Vs. torque characteristics 

• High speed range  

• Higher torque-weight ratio  
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Permanent magnet machines have been used in the last three decades. They appear in several 

different stator and rotor structures and can be used in almost all kinds of application where 

traditional machines are used. Their main features and advantages are: No electrical energy is 

absorbed by the field excitation system and thus there are no excitation losses which mean 

substantial increase in efficiency, high torque/volume relationship, better dynamic performance 

than motors with electromagnetic excitation, simplification of construction and maintenance. 

Unfortunately, some of these advantages refer only to machines built with high energy magnets, 

which are still expensive, despite the introduction of new materials and improved production 

techniques. This feature has restricted the use of permanent magnet machines built with rare earth 

magnets to applications where cost is of secondary concern [4-5]. 

Modeling and analysis of multi-phase machines have been an issue for research as early as 1950s 

[6]. However, they have attracted the attention of many researchers recently due to their fault 

tolerance and their high-power capability at low voltage as compared to the conventional three-

phase machines [7-9]. The interest in multi-phase motor drives has increased in recent years due 

to several advantages when compared to three-phase drives [6-8]. Some of these advantages are 

known from the early days of the multiphase drives [8], although they have recently considered 

with high-level analysis [9]. These advantages are inherent to the own structure of the machine, 

and include less torque ripple, less acoustic noise and losses, reduced current per phase or increased 

reliability due to the additional number of phases [8-10]. These advantages make multi-phase 

drives suitable for high power/current applications such as EV/HEVs, traction or electric ship 

propulsion. Apart from these benefits, there are further possibilities due to the additional degrees 

of freedom existing in multi-phase machines. The high torque capability of multi-pole machines 

by using the higher harmonic currents for torque generation and the desirability of such capability 

in application such as electric vehicle drive, elevators, and military hardware drives are other 

impetus for the interest of researchers in this area. The advent of static power converters and 

microcontrollers have also contributed to the interest, as it is now possible to generate a power 

supply at any number of phases controlled at a desired waveform and magnitude. In the figure 1.1 

n-phase two-level voltage source inverter is given. Where S1, S3, S5, … S(2n+1)   are all the upper 

switches of the n-phase inverter and S2, S4, S6, … S2n are the lower leg switches of the n-phase 
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inverter. The terminal voltage (Van, Vbn, Vcn…. Vxn) represented the voltage terminal voltage 

of the inverter leg measured from reference neutral point N. 

 

 

 

 

   

 

 

Fig. 1.1 n-phase two-level voltage source inverter 

Multiphase machine has high torque capability of multi-pole machines by using the higher 

harmonic currents for torque generation. In a five-phase machine the third harmonic current can 

be used to generate an average torque in addition to the fundamental [7]. In the seven-phase 

machine the third and the fifth harmonic current is controlled to generate the average torque. In 

the nine-phase machine the third, the fifth and the seventh harmonics can be controlled to generate 

average torque which add-up with the torque generated by the fundamental component current [7].  

1.2      Statement of the Problem and Motivation  

Sensored control of BLDC machine generally requires measuring the speed and position of rotor 

by using the sensor. The position sensors make the motor system more complicated, mechanically 

unreliable and expensive. Accurate speed information is crucial for a sensorless speed control of 

permanent magnet synchronous motor drives. This thesis presents sensorless control method based 

on the fact that the rotor position can be detected by using back-EMF produced in permanent 

magnet synchronous motors. Instead of using sensors like Hall sensor, the motor itself tell us which 

phase should be energized. The sensors can also cause problems in terms of reliability as they are 

sensitive to shock and vibration. A sensor connected through long cables can also be sensitive to 

disturbances. To reduce cost and improve reliability such position sensors may be eliminated. The 

question then arises why nine-phase drive required compared to conventional three-phase drive. 

𝑉𝐷𝐶  

Van Vbn Vxn Vcn 

S1 

S2 

S3 S5 S(2n+1) 

S6 S4 S(2n) 
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The answer lies in the fault tolerant characteristic, reliable and higher efficiency of nine-phase 

drive compared to the conventional three-phase machine. Specially, in fault tolerance the motor 

keeps working at good performance even though two or more phases fail which is not possible in 

three phase motors.   

1.3       Objective of the thesis 

1.3.1    General objective  

The main objective of the thesis is design and simulation of sensorless control for nine-phase 

BLDC motor using induced back-electromotive force.   

1.3.2   Specific objective  

These are some of the specific objectives of the thesis 

• Study the construction futures of nine-phase BLDC motor.  

• Model and develop nine-phase BLDC motor using MATLAB/Simulink software. 

• Design nine-phase voltage source inverter based on the orating mode of the motor. 

• Design, analyze and simulate the proposed sensorless control based on the back-

EMF waveform produced in nine phases stator windings of 9-phase BLDC motor  

• Study the result of simulated nine-phase BLDC motor control 

1.4 Significance of the Thesis 

The main significances of the thesis are listed as follows: 

• Shows simple way of controlling sensorless multi-phase BLDC synchronous 

machine. 

• The model and simulation for sensorless control of the BLDC motors based the 

back-EMF zero cross detection method can be applied for different applications.  

• The other significance of this thesis, this work can be used for as reference for 

future further studies. 
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 1.5    Methodology  

• Literature review: some related references will be scanned and quoted so that it can 

be used as the forward stepping movement in the future time. Study model and analysis 

of the sensorless control of the conventional permanent magnet motor revised.  

• System modeling and analysis: in this section, first; design futures of nine-phase 

permanent magnet BLDC synchronous motor analyzed. The model of the nine-phase 

machine is design in the MATLAB simulation in order to do the major task which is 

the sensorless control of the machine. From the mathematical mode, the equation of 

the back-EMF is design. Second; model and analysis of sensorless control of nine-

phase BLDC motor based on the back-EMF zero crossing detection (ZCD) present. 

 

1.6   Thesis organization   

This thesis is organized in to six chapters including this chapter, Chapter 2, multiphase machines 

literature reviews different kinds of control technique of multiphase machine are revised. Chapter 

3, mathematical modeling of nine phase BLDC motor and derived the mathematical equation of 

the machine based on the different assumption. Chapter 4, sensorless control of BLDC using back 

electromotive force produced in the unexcited phase is modeled analyzed and the zero-cross 

detection(ZCD) of the back-EMF is presented and the switching sequence of the nine phases two-

step nine-phase inverter deigned based on the zero-cross sequence of back-EMF. Chapter 5, 

MATLAB simulation and discussion presented, here in this chapter MATLAB simulation model 

is presented and prepare block model of the proposed model control in the MATLAB Simulink 

library and simulation of sensorless control is present and result discussion and observation studied 

according to the desired output of the machine and the strength of the system and the drawback of 

the proposed system is mentioned. Chapter 6, conclusion and recommendation of the thesis and, 

the direction for the future work mentioned and recommended presented.  
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CHAPTER 2 

LITERATURE REVIEW 

2.1     Introduction  

Variable-speed AC drives are nowadays invariably supplied from power electronic converters. 

Since the converter can be viewed as an interface that decouples three-phase mains from the 

machine, the number of machine’s phases is not limited to three anymore. Nevertheless, three-

phase machines are customarily adopted for variable speed applications due to the wide off-the-

shelf availability of both machines and converters. Due to the six-step mode of three-phase inverter 

operation, one particular problem at the time was the low frequency torque ripple. Since the lowest 

frequency torque ripple harmonic in an n-phase machine is caused by the time harmonics of the 

supply of the order 2n±1 (its frequency is 2n times higher than the supply frequency), an increase 

in the number of phases of the machine appeared as the best solution to the problem. Hence, 

significant efforts have been put into the development of five phase and six-phase variable-speed 

drives supplied from both voltage source and current source inverters [12-13].  

2.2     Types and advantages of Multiphase machine  

The types of multiphase machines are in principle the same as their three-phase counterparts. There 

are induction and synchronous multiphase machines, where a synchronous machine may be with 

permanent magnet excitation, with field winding, or of reluctance type. Three phase machines are 

normally designed with a distributed stator winding that gives near-sinusoidal MMF distribution 

and is supplied with sinusoidal currents (the exception is the permanent magnet synchronous 

machine with trapezoidal flux distribution and rectangular stator current supply, known as 

brushless dc machine, or simply BLDCM). Nevertheless, spatial MMF distribution is never 

perfectly sinusoidal and some spatial harmonics are inevitably present [15].  

Stator winding of an n-phase machine can be designed in such a way that the spatial displacement 

between any two consecutive stator phases equals 𝜶 =
𝟐𝝅

𝒏
, in which case a symmetrical multiphase 

machine results. This will always be the case if the number of phases is an odd prime number. 

However, if the number of phases is an even number or an odd number that is not a prime number, 

stator winding may be realized in a different manner, windings having a sub-phase each (where 
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n=a·k). Typically, a=3 (although a=5exists as well) and k=2,3,4, 5, … In such a case, the spatial 

displacement between the first phases of the two consecutive a sub-phase winding is 𝜶 =
𝝅

𝒏
,, 

leading to an asymmetrical distribution of magnetic winding axes in the cross section of the 

machine (asymmetrical multiphase machines). In this multiphase machine type, there are k neutral 

points and these are typically kept isolated, for the reasons discussed later on [14]. 

Some of the advantages of multiphase machines, when compared to their three-phase counterparts, 

are valid for all stator winding designs while others are dependent on the type of the stator winding. 

Machines with sinusoidal winding distribution are characterized with the following [16-18]. 

• Fundamental stator currents produce a field with a lower space-harmonic content. 

•  The frequency of the lowest torque ripple component, being proportional to 2n, 

increases    with the number of phases. 

• Due to a larger number of phases, multiphase machines are characterized with much 

better fault tolerance than the three-phase machines. Independent flux and torque 

control requires means for independent control of two currents. This becomes 

impossible in a three-phase machine if one phase becomes open-circuited, but is not 

a problem in a multiphase machine as long as no more than (n-3) phases are faulted. 

2.3      Multiphase machine control 

High quality information about the rotor flux angle is crucial in field oriented control systems. The 

most common way to attain this information has been to add a dedicated sensor to the rotor shaft. 

This has a few disadvantages especially in drive systems used in automotive applications. Its 

physical size is a large drawback when designing the motor. The length of the machine is often 

critical due to constraints in the powertrain. This makes it sometimes impossible to fit a standard 

mechanical sensor. The sensors can also cause problems in terms of reliability as they are sensitive 

to shock and vibration. A sensor connected through long cables can also be sensitive to 

disturbances.  A sensor fulfilling all requirements is often expensive. While, removing it would 

constitute an important cost reduction. A control system that not has to rely on a mechanical 

position sensor would therefore be favorable, a so called sensorless control system. Research on 

this has been done for many years and a lot of methods have been proposed. Many of them have 

been based on detection of the speed dependent back electromotive force (EMF). This work 
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satisfactory for medium and high speed but fails at low and zero speed. This as the back EMF is 

reduced with speed and is gradually lost.  

Researchers have reported different models and control strategies for multi-phase machines. 

Authors of reference [13] have reported a nine-phase machine to be controlled as three independent 

three-phase machines. They assumed balanced system and used the model of conventional three-

phase motors and have not used the advantage of controlling the higher harmonics for torque 

generation. Authors of reference [14] have generated a general model of a nine-phase synchronous 

machine with a cylindrical rotor and stator. A lot of works have focused on five-phase machine, 

probability, due to its relative simplicity next to three-phase machine. In reference [15], the authors 

have worked out the model of five phase machine. They have also indicated that their approach 

can be used for any number of phases. Reference [16] also has presented an analysis of a five-

phase asymmetrical connected induction machine. Multi- Phase machines have advantages of fault 

tolerance and higher power capacity at low voltages compared to conventional three-phase 

machines. The methods of speed control of multiphase machines are in principle the same as for 

three-phase machines. Constant V/f control is nowadays of relatively little interest, since the cost 

of implementing more sophisticated control algorithms is negligible compared to the cost of 

multiphase power electronics and the multiphase machine itself (neither is available on the 

market). The emphasis is therefore placed further on vector control and DTC [17].  

As long as a symmetrical multiphase machine with sinusoidally distributed stator winding is under 

consideration, the same vector control schemes as for a three-phase machine are directly applicable 

regardless of the number of phases [18]. The only difference is that the coordinate transformation 

has to produce an n-phase set of stators current references, depending on whether current control 

is in the stationary or in the synchronous rotating reference frame. If current control is in the 

stationary reference frame, (n − 1) stationary current controllers (assuming stator winding with a 

single neutral point) are required. Either phase currents or phase current components in the 

stationary reference frame can be controlled and here the standard ramp-comparison current 

control method offers the same quality of performance as with three-phase drives [19]. Assuming 

that indirect vector control is used, basic rotor-flux-oriented control scheme of an n-phase 

induction or synchronous machine with sinusoidal MMF distribution is of the form shown in 
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Figure 2.1 The block “vector controller” is identical to the one for the three-phase machine of the 

same type and the value of the stator d-axis current reference depends on the machine type. For 

example, “vector controller” for a surface-mounted permanent magnet synchronous machine is 

just a speed controller, stator d-axis current reference is zero and transformation angle is the rotor 

position angle. In the case of an induction machine, stator d-axis current reference is the rated 

magnetizing current, while “vector controller” includes a speed controller, calculation of the 

angular slip speed and calculation of the transformation angle by summation of the slip angle and 

rotor position angle [15]. 

 

 

 

 

 

  

Fig. 2.1 Basic rotor flux oriented control scheme for multiphase machine with current control in 

the stationary reference frame [15]   

 

 

 

 

 

 

 

Fig. 2.2 Basic rotor flux oriented control scheme for five-phase machine with concentrated 

winding and with control in the stationary reference frame (indexes 1 and 3 stand for the first and 

the stator current harmonic reference) [15] 
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If a concentrated winding machine is used, torque can be enhanced using low-order stator current 

harmonic injection [20]. Hence, the vector control scheme has to be modified accordingly [21]. 

The injected low-order stator current harmonics are firmly tied to the fundamental in terms of 

magnitude, frequency and phase and the major modification of the vector control scheme consists 

in calculating the references for these harmonics on the basis of the fundamental and on utilization 

of the modified rotational transformation. Vector control schemes have to utilize again (n − 1) 

current controllers. Vector control of concentrated winding machines is well-documented in 

literature for five-phase induction, permanent magnet synchronous, and synchronous reluctance 

machines, where torque enhancement is provided by the third harmonic injection. Similarly, third 

harmonic injection can be used in asymmetrical six-phase machines [22]. In a seven-phase 

machine both the third and the fifth harmonic can be used to improve torque per ampere 

characteristic [23], while with a nine-phase machine injection of the third, the fifth, and the seventh 

harmonic is possible [24]. A conceptual block diagram of a rotor flux oriented control scheme for 

a five-phase machine, assuming again current control in the stationary reference frame, is shown 

in Figure 2.2. The block “vector controller” now additionally includes partitioning of the overall 

torque reference (obtained at the output of the speed controller) into the stator q-axis current 

references for the first and the third stator current harmonic, as well as the calculation of the 

transformation angles for the first and the third harmonic. 

 + 

 - + 

 - 

 

 

 

  

Fig. 2.3 illustration of DTC schemes for multiphase machines using switching table based DTC 
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Fig. 2.4 DTC schemes for multiphase machines using constant switching frequency DTC [25] 

Notice that the “rotational transformation” block in Figure 2.2 is different from the corresponding 

one in Figure 2.1. The outputs of this block are now four stator current components shown in 

Figure 2.2, which reflect the desired first and the third stator current harmonic. There are two basic 

approaches to DTC of three-phase machines. Hysteresis stator flux and torque controllers can be 

used in conjunction with an optimum stator voltage vector selection table, leading to a variable 

switching frequency. Alternatively, the inverter switching frequency can be kept constant by 

applying an appropriate method of inverter PWM control. In principle, both approaches are also 

applicable to multiphase machines [25] and are shown in Figure 2.4.  

A problem that is encountered in hysteresis-based DTC schemes for sinusoidal multiphase 

machines is that optimum stator voltage vector selection table, designed in the same manner as for 

a three-phase induction machine, dictates application of a single space vector in one (variable) 

switching period. However, each individual inverter output voltage space vector inevitably leads 

to generation of unwanted low-order harmonics, which excite x−y stator circuits and lead to large 

unwanted stator current low-order harmonics. This problem has so far not been solved completely 

although a significant improvement has been reported for an asymmetrical six-phase induction 

machine in [25]. A more detailed description of the control schemes shown in Figure. 2.4 and their 

detailed outlay for multiphase induction motor drives is available in [15] for asymmetrical six- 

phase and five-phase induction machines, respectively. 
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2.4    Multiphase voltage source inverter (VSI) Control 

By and large, the existing research related to PWM control of multiphase inverters applies to two-

level inverters [27]. The most straightforward approach is undoubtedly utilization of the carrier-

based PWM methods. Similar to the carrier-based PWM with third harmonic injection for a three-

phase VSI, it is possible to improve the dc bus utilization in multiphase VSIs by injecting the 

appropriate zero sequence harmonic (or adding the offset) into leg voltage references. Carrier 

based PWM is also suitable for control of concentrated winding machines, where in addition to 

the fundamental and zero sequence voltage, references also need to contain a certain amount of 

specified low-order harmonic(s) aimed at providing torque enhancement. In principle, carrier-

based PWM can be used without any problems for generation of multi-frequency output voltages 

with any number of components. figure 2.5 shows nine-phase multiphase inverter  

 

Fig. 2.5 nine-phase inverter connected to stator winding of the nine-phase BLDC motor  

Space-vector PWM is undoubtedly the most popular method as far as the three-phase inverters are 

concerned. However, as the number of phases of the inverter increases, the available number of 

inverter output voltage space vectors changes according to the law 2n, since there are 2n different 

switching configurations. 
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2.5  Review of control of BLDC motor  

      A BLDC motor is driven by voltage strokes coupled with the rotor position. These strokes must 

be properly applied to the active phases of the three-phase winding system so that the angle 

between the stator flux and the rotor flux is kept close to 90° to get the maximum generated torque. 

There are two methods of controlling BLDC motor one using rotor position sensor and the second 

one is sensorless control, in the following sub-topics explained these two methods are explained. 

2.5.1 Sensored control of BLDC motor  

Permanent magnet BLDC motor drives require a rotor position sensor to properly perform phase 

commutation. These motor is driven by voltage strokes coupled with the rotor position. These 

strokes must be properly applied to the active phases of the three-phases windings sequentially so 

that the angle between the stator flux and the rotor flux is kept close to 90° to get the maximum 

generated torque. Therefore, the controller needs some means of determining the rotor's orientation 

or position relative to the stator coils, such as Hall-effect sensors, which are mounted in or near 

the machine’s air gap to detect the magnetic field of the passing rotor magnets. Each sensor outputs 

a high level for 180° of an electrical rotation for three-phase BLDC motor, and a low level for the 

other 180°. The three sensors mounted in the rotor of the three phase BLDC motor have a 120° 

relative offset from each other.  

     The process of switching the current to flow through only eight phases for every 60-electrical 

degree rotation of the rotor is called electronic commutation. The motor is supplied from a three-

phase inverter, and the switching actions can be simply triggered by the use of signals from 

position sensors that are mounted at appropriate points around the stator. Similarly, to that of three 

phase BLDC motor in case of nine phase BLDC motor, when we mounted at 40 electrical degree 

intervals and aligned properly with the stator phase windings these Hall switches deliver digital 

pulses that can be decoded into the desired nine-phase switching sequence [27]. Such a drive 

usually also has a current loop to regulate the stator current, and an outer speed loop for speed 

control [28].  

In summary, permanent magnet motor drives require a rotor position sensor to properly perform 

phase commutation, but there are several drawbacks when such types of position sensors are used. 
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The main drawbacks are the increased cost and size of the motor, and a special arrangement needs 

to be made for mounting the sensors. Further, Hall sensors are temperature sensitive and hence the 

operation of the motor is limited, which could reduce the system reliability because of the extra 

components and wiring [27].  

2.5.2 Sensorless control using back-EMF  

The second methods for proper control of BLDC motor is sensorless control. Here in this method 

instead of using sensors we can extract the rotor position from the motor itself. To reduce cost and 

improve reliability such position sensors may be eliminated. These disadvantages of using Hall 

sensors, lots of research is being done in sensorless drives. Position sensors can be completely 

eliminated, thus reducing further cost and size of motor assembly, in those applications in which 

only variable speed control (i.e., no positioning) is required and system dynamics is not particularly 

demanding (i.e., slowly or, at least, predictably varying load). A PM brushless drive that does not 

require position sensors but only electrical measurements is called a sensorless drive [27]. Since 

back-EMF is zero at standstill and proportional to speed, the measured terminal voltage that has 

large signal-to-noise ratio cannot detect zero crossing at low speeds. That is the reason why in all 

back-EMF-based sensorless methods the low-speed performance is limited, and an open-loop 

starting strategy is required [29]. 

The voltage for 3-phase BLDC motor is provided by a 3-phase power stage controlled by a DSP. 

Why Sensorless Control? As explained in the previous section, the rotor position must be known 

in order to drive a Brushless DC motor. If any sensors are used to detect rotor position, then sensed 

information must be transferred to a control unit (see Figure 2.6) [35]. 

 

Fig. 2.6 Sensored control drive for BLDC motor diagram  
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Therefore, additional connections to the motor are necessary. This may not be acceptable for some 

applications. 

2.5.2.1 Three phase Power Stage for three-phase BLDC motor 

In order to explain and simulate the idea of Back-EMF sensing techniques a simplified 

mathematical model based on the basic circuit topology (see Figure 2.7) has been created. The 

second goal of the model is to find how the motor characteristics depend on the switching angle. 

The switching angles the angular difference between a real switching event and an ideal one (at 

the point where the phase to phase Back-EMF crosses zero). The motor-drive model consists of a 

normal three phase power stage plus a Brushless DC motor. The power for the system is provided 

by a voltage source (𝑉𝑑𝑐). Six semiconductor switches (S1, S2, S3, ... S6), controlled elsewhere, 

allow the rectangular voltage waveforms (see Figure 2.8) to be applied. The semiconductor 

switches and diodes are simulated as ideal devices. The natural voltage level of the whole model 

is put at one half of the dc-bus voltage (see figure 2.7). This simplifies the mathematical 

expressions. [35] 

 

Fig. 2.7 power stage motor topology for three phase BLDC motor [35] 

where: 

𝑉𝑎𝑣, 𝑉𝑏𝑣, 𝑎𝑛𝑑 𝑉𝑐𝑛  are “branch” voltages; the voltages between one power stage output and its 

virtual zero. 

𝑉𝑎𝑛, 𝑉𝑏𝑛, 𝑎𝑛𝑑 𝑉𝑐𝑛 are motor phases winding voltages? 
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𝐸𝑎𝑛, 𝐸𝑏𝑛 𝑎𝑛𝑑 𝐸𝑐𝑛 are phase Back-EMF voltages induced in the stator winding. 

Vnv is the voltage between the central point of the star of motor winding and the power stage 

natural zero 

𝐼𝑎, 𝐼𝑏 𝑎𝑛𝑑 𝐼𝑐 are phase currents 

 

Fig. 2.8 Voltage applied based on the ZCD of back-EMF for three phase BLDC motor 

2.5.2.2   Speed control of BLDC motor 

Speed control of BLDC motors are very crucial. Many of the power electronic circuits used for 

this are subjected to very high switching losses ending up with reduced overall system efficiency. 

A speed control of BLDC motor based on pulse amplitude modulation control drive techniques, 

for brushless DC (BLDC) motor is investigated and verified by a series of simulation studies.  It 

is well known that the BLDC motor can be driven by either Pulse-Width Modulation (PWM) 

techniques with a constant DC-link voltage or Pulse-Amplitude Modulation (PAM) techniques 

with an adjustable DC-link voltage. Therefore, the detailed theoretical analysis of the PAM control 

for high-speed BLDC motor is first given.  Then a conclusion that the PAM control is superior to 

the PWM control at high speed is obtained because of decreasing the commutation delay and high 

frequency harmonic wave. The cost for PAM control has to pay is requiring variable DC-link 

voltage level control. This can be easily realized by the off-self DC/DC converter controller. for 

high speed range applications, such as air conditioner and refrigerator, PAM controls 

recommended since it provides higher efficiency [36]. 
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Fig. 2.9 PAM based closed loop speed controller for 3∅ BLDC motor [36] 

Speed control of BLDC motors are very crucial in this attire. Many of the power electronic circuits 

used for this are subjected to very high switching losses ending up with reduced overall system 

efficiency. DC-DC converters are used in a wide range as the front-end converter to obtain a 

regulated dc output voltage. Since the back-EMF of the motor is directly proportional to rotor 

speed and field strength of the motor, any change in one of the parameter cause the other to modify 

accordingly. 

In multiphase machine variable speed control is a must the most common classical method is used 

in speed control of motor is using proportional-integrator-differentiator (PID) controller. PID 

controller has been used widely for processes and motion control system in industry. The transfer 

function of PID controller is shown in Fig. 5. The control system performs poorly in characteristics 

and even it becomes unstable, if improper values of the controller tuning constants and used. So it 

becomes necessary to tune the controller parameters to achieve good control performance with the 

proper choice of tuning constants [31]. 

2.5.3 PID Design Concept 

The proportional-integral-derivative (PID) controller is about the most common and useful 

algorithm in control system engineering. In most case, feedback loops are controlled using the PID 

algorithm. The main reason why feedback is very important in systems is to be able to attain a set 
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point irrespective of the disturbances or any variation of any form. The PID controller always 

designed to correct error(s) between measured proses value(s) and set value(s) in a system. 

A simple illustration on how PID works is given below. Consider the characteristics of parameters-

proportional(P), integral(I), and derivative(D) controls, as applied to the figure 2.10. 

 

 

 

Fig. 2. 10 A typical closed loop controller of system  

The controller provides the excitation needed by the system and it is deigned the overall behavior 

of the system. The PID controller has several categories of structural arrangements. the most 

common of this are the series and parallel structures and in some cases, there are hybrid form of 

the series and the parallel structure. The following shows the typical illustrative common PID 

controller structures.  

Kp +
KI

s
+ Kd. s =

Kds2 + Kps + KI

s
 

Where:  

Kp=Proportional gain 

KI=Integral gain  

Kd=Derivative gain 

 

 

 

 

 

 

 

Fig. 2.11 Closed-loop PID controller block of system 
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Considering the figure 2.11, variable, e is the sample error, and it is the difference between the 

desired input value(R) and the actual output(Y). In closed loop, e will be sent to the controller, and 

the controller will perform the integral and derivative computation on the error signal. Thereafter, 

the signal, u which the output of the controller is now equal to the sum of [ the product of 

proportional gain, Kp and magnitude of the error(e)], [the product of the integral gain, Ki and the 

integral of the error(e)] and [the product of the derivative gain, Kd and the derivatives of the 

error(e)]. 

                                                                 U=Kpe+Ki ∫ edt + Kd
de

dt
 

The signal value, u is the set continuously to the plant with every corresponding new output, Y 

being obtained as the prosses continues. The output, Y is set back and subsequently new error 

signal, e is found and the same process repeats itself on and on. Also, it is very typical to have the 

PID transfer function written in several forms depending on the arrangement structure. The 

following equation shows one of these (a parallel structure): 

              Kp +
KI

s
+ Kd. s = Kp × (1 +

1

S.TI
+ Td. s) 

Where 

Kp= Proportional gain  

TI= Integral time or rest time = 
Kp

KI
 

Td = Derivative time rate time  

2.5.4 Some characteristic effects of PID parameters  

The proportional gain Kp, will may reduce rise time and might reduce or remove study state error 

of the system. The integral gain KI it eliminates the study state error but it has a negative effect on 

the transient response (a worse response may happen in this case). And the derivative gain Kd, will 

tend to increase stability of the system, and reduces overshoot percentage, and improving the 

transient response of the system. In all, the table below will give a comprehensive effect of each 

of the controllers on a typical closed-loop system. 
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Table 2.1 PID controller parameter characteristics on atypical system 

Parameters  Rise time Overshoot  Settling time  Study-state error  

Kp decreases increase small change decreases  

KI decreases increase increases eliminate  

Kd small change  decrease decreases  small change  

 

Legend=     increases 

The ability bled these three parameters will make a very efficient and stable system. It should be 

noted that the relationship between the three controller parameters may not exactly be correct 

because of the inter dependency. Therefore, it is possible to compute particular parameters which 

effects would be noticed on the other two.  
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CHAPTER 3 

MATHEMATICAL MODEL OF NINE-PHASE BLDC MOTOR 

3.1    Construction Futures of Nine-phase BLDC Motor 

The Brushless DC motor is also referred to as an electronically commuted motor. There are no 

brushes on the rotor and the commutation is performed electronically at certain rotor positions.  

The stator magnetic circuit is usually made from magnetic steel sheets. The stator phase windings 

are inserted in the slots as shown in Figure 3.1 or it can be wound as one coil on the magnetic pole. 

The magnetization of the permanent magnets and their displacement on the rotor are chosen such 

a way that the Back-EMF shape is trapezoidal. This allows the nine-phase voltage system with a 

rectangular shape, to be used to create a rotational field with low torque ripples.  

The operation of the BLDCM is based on the simple force interaction of between the rotor PM 

flux force and the stator electromagnetic force. Therefore, the nine phase stator windings are feed 

from the nine-phase voltage source inverter. The stator winding produces electromagnetic force 

and the instruction of this force with the rotor permanent magnetic force produces rotor rotation 

and resultant toque. The stator windings are symmetrically distributed with 40-degree electrical 

angles from each other. for n phase machine the winding distribution will be 2π/n electrical angle. 

A typical nine-phase, two-poles BLDC motor with concentrated stator windings and with 

permanent magnet rotor shown in figure 3.1. And the schematic representation of the stator 

winding is shown in figure 3.2. 

  

Fig. 3.1 nine-phase BLDC motor diagram  
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Fig.3.2 schematic dual-stator windings of nine-phase BLDC motor  

The shape of the back-EMF wave form distinguishes the concentrated stator winding BLDC motor 

from the conventional PMSM. The conventional PMSM has a sinusoidal back-EMF waveform. 

The nine-phase BLDC motor has a permanent magnet rotor and stator windings are wound in such 

a way that the trapezoidal back-electromotive force. Therefore, no particular advantage in 

transforming the machine equation into well-known two axis rotating frame   equations. Which 

are done in case of machines with sinusoidal back-EMF [31-32]. Here in order to control the 

machine we should have to know the rotor position to produces the desired torque and speed. 

3.2    Voltage Equation of Nine-phase BLDC Motor  

    For the effectiveness of the work the following assumptions are made for sensorless control of the 

machine using back-EMF detection; 

• Magnetic saturation is negligible  

• No saliencies of the poles  

• Hysteresis and eddy current loss is not considered  

• Self, mutual and resistance of the stator are all equal  

 For the sensorless control model equivalent circuit of the given phase for nine phases   BLDC 

motor is given by the figure 3.3. 
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Fig. 3.3 Equivalent circuit of nine-phase BLDCM for phase- a 

From the equivalent circuit diagram we can drive the phase voltage Vxn (stator x winding voltage 

with respect to the neutral point n) is given by; 

Van = Raia + L11
dia

dt
+ L12

dib

dt
+ L13

dic

dt
+ L14

did

dt
+ L15

die

dt
+ L16

dif

dt
+ L17

dig

dt
+ L18

dih

dt
+ L19

dii

dt
+ ean                 ( 3.1) 

Similarly, the other eight phases voltage equation is given by: 

Vbn = Rbib + L21
dia

dt
+ L22

dib

dt
+ L23

dic

dt
+ L24

did

dt
+ L25

die

dt
+ L26

dif

dt
+ L27

dig

dt
+ L28

dih

dt
+ L29

dii

dt
+ ebn               ( 3.2) 

Vcn = Rcic + L31
dia

dt
+ L32

dib

dt
+ L33

dic

dt
+ L34

did

dt
+ L35

die

dt
+ L36

dif

dt
+ L37

dig

dt
+ L38

dih

dt
+ L39

dii

dt
+ ecn                ( 3.3) 

Vdn = Rdid + L41
dia

dt
+ L42

dib

dt
+ L43

dic

dt
+ L44

did

dt
+ L45

die

dt
+ L46

dif

dt
+ L47

dig

dt
+ L48

dih

dt
+ L49

dii

dt
+ edn             ( 3.4) 

Ven = Reie + L51
dia

dt
+ L52

dib

dt
+ L53

dic

dt
+ L54

did

dt
+ L55

die

dt
+ L56

dif

dt
+ L57

dig

dt
+ L58

dih

dt
+ L59

dii

dt
+ een              ( 3.5) 

Vfn = Rfif + L61
dia

dt
+ L62

dib

dt
+ L63

dic

dt
+ L64

did

dt
+ L65

die

dt
+ L66

dif

dt
+ L67

dig

dt
+ L68

dih

dt
+ L69

dii

dt
+ efn                ( 3.6) 

 Vgn = Rgig + L71
dia

dt
+ L72

dib

dt
+ L73

dic

dt
+ L74

did

dt
+ L75

die

dt
+ L76

dif

dt
+ L77

dig

dt
+ L78

dih

dt
+ L79

dii

dt
+ egn              ( 3.7) 

 Vhn = Rhih + L81
dia

dt
+ L82

dib

dt
+ L83

dic

dt
+ L84

did

dt
+ L85

die

dt
+ L86

dif

dt
+ L87

dig

dt
+ L88

dih

dt
+ L99

dii

dt
+ ehn            ( 3.8) 

Vin = Riii + L91
dia

dt
+ L92

dib

dt
+ L93

dic

dt
+ L94

did

dt
+ L95

die

dt
+ L96

dif

dt
+ L97

dig

dt
+ L98

dih

dt
+ L99

dii

dt
+ ein                 ( 3.9) 

From the assumption above all self and mutual inductance are equal 

L11=L22=L33=…=L99                                                      Self inductance  

Lxy=Lyx for x≠y were (x,y=1,2,3,4…..9)                      Mutual inductance 

Ra=Rb=Rc……Ri = R                                                    stator winding resistance  
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And the machine stator windings are connected star symmetrical and balanced connection manner. 

Therefore; 

ia + ib + ic + id + ie + if + ig + ih + ii = 0                                                           (3.10) 

Therefore, the phase a stator winding current can be given by: 

ia = −ib − ic − id − ie − if − ig − ih − ii                                                                  (3.11) 

Van = Raia + L11
dia

dt
+ M(

dib

dt
+

dic

dt
+

did

dt
+

die

dt
+

dif

dt
+

dig

dt
+

dih

dt
+

dii

dt
) + ean                      (3.12) 

 Using equation (3.11) the bracket in equation (3.12) became  

dia

dt
= −(

dib

dt
+

dic

dt
+

did

dt
+

die

dt
+

dif

dt
+

dig

dt
+

dih

dt
+

dii

dt
)                                                   (3.13) 

Therefore, the simplified equivalent circuit based on the assumptions above became as follows  

 

Fig. 3.4 Simplified Equivalent circuit of phase-a for the nine-phase BLDC motor 

Therefore, using equation (3.13) and substituting in equation (3.12) so we will get the most 

simplified equation (3.14) 

             Van = Raia + (L − M)
dia

dt
+ ean                                                                                 (3.14) 

Similarly using the same procedures as shown above from equation 3.10 to equation 3.14 above 

we can get all the simplified voltage equation for the rest of the stator phases. Therefore, the 

simplified form of the voltage equation can be given as follows: 

Van = Raia + (L − M)
dia

dt
+ ean                                                                                  (3.15) 

Vbn = Rbib + (L − M)
dib

dt
+ ebn                                                                                 (3.16) 

Vcn = Rcic + (L − M)
dic

dt
+ ecn                                                                                    (3.17) 

Vdn = Rdid + (L − M)
did

dt
+ edn                                                                                   (3.18) 

Ven = Reie + (L − M)
die

dt
+ een                                                                                  (3.19) 
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Vfn = Rfif + (L − M)
dif

dt
+ efn                                                                                   (3.20) 

Vgn = Rgig + (L − M)
dig

dt
+ egn                                                                                (3.21) 

Vhn = Rhih + (L − M)
dih

dt
+ ehn                                                                               (3.22) 

Van = Riii + (L − M)
dii

dt
+ ein                                                                                  (3.23) 

Using the simplified equation (3.15) to (3.24) of the nine-phase BLDC motor the equivalent 

circuit of the machine can be given by fig 3.4.  

Ri
(L-M) Ein

Ra
(L-M)

Ean

Rb
(L-M) Ebn

Rc
(L-M) Ecn

Rd
(L-M) Edn

Re
(L-M) Een

Rf
(L-M) Efn

Rg
(L-M) Egn

Rh
(L-M) Ehn

 

Fig. 3.5 simplified equivalent circuit of the nine-phase BLDC motor 

3.3   Back-EMF Equation of Nine-phase BLDC Motor             

BLDC motor acts as a generator when it rotates, creating voltage. the nine- phase produce nine-

voltages 40-degrees apart. the voltage generated by the motor is called Back Electro-Motive Force. 

When BLDC motor rotates, according to the lens’s law, each winding generates back-

electromotive force. Which opposes the main voltage supplied to the windings. The polarity of 

this back-EMF opposes the energizing voltage polarity. Here, under consideration for this thesis 
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work concentrated stator winding nine-phase permanent magnet brushless DC motor is used for 

sensorless control of the machine based on back-EMF zero-cross sequences from table algorithm. 

As the rotor rotates, the wave form of the voltage induced in each phase with respect to time is an 

exact replica of the air-gap flux-density wave form with respect to rotor position. But because of 

the fringing effect on the wave from the back-EMF wave form takes on trapezoidal shape. 

From faraday’s law term of voltage equation, we can get back-EMF of the machine due to the 

permanent magnet flux-linkage in the phase winding which is given by equation; 

 

                                             e(t)ui =
dλui

dt
                                                                             (3.24) 

 

where;  eui is the back-EMF in phase ui phase winding due to the permanent magnet in the rotor, 

λui is the flux-linkage in phase ui due to the rotor permanent magnet and i various 1,2,3….,9. And 

the expression of the flux-linkage (λui) is given in equation (3.24a)  

                                           

[
 
 
 
 
 
 
 
 
 
λu1

λu2

λu3

λu4

λu5

λu6

λu7

λu8

λu9]
 
 
 
 
 
 
 
 
 

= lrN

(

 
 
 
 
 
 
 

B

[
 
 
 
 
 
 
 
 
 

cos( θr)
cos( θr − δ )
cos( θr − 2δ )

cos( θr − 3δ )
cos( θr − 4δ )
cos( θr − 5δ )
cos( θr − 6δ )
cos( θr − 7δ )
cos( θr − 8δ )]

 
 
 
 
 
 
 
 
 

. )

 
 
 
 
 
 
 

                                                    (3.24a) 

so, by substitute equation (3.24a) in equation (3.24) the expression for nine phases back-EMF given by 

equation (3.25) 
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𝑒𝑢1

𝑒𝑢2
𝑒𝑢3

𝑒𝑢4
𝑒𝑢5

𝑒𝑢6
𝑒𝑢7
𝑒𝑢8
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= 𝑙𝑟𝑁𝜔𝑚

(

 
 
 
 
 
 
 

𝐵

[
 
 
 
 
 
 
 
 
 

sin( 𝜃𝑟)

sin( 𝜃𝑟 − 𝛿 )
sin( 𝜃𝑟 − 2𝛿 )
sin( 𝜃𝑟 − 3𝛿 )
sin( 𝜃𝑟 − 4𝛿 )
sin( 𝜃𝑟 − 5𝛿 )
sin( 𝜃𝑟 − 6𝛿 )
sin( 𝜃𝑟 − 7𝛿 )
sin( 𝜃𝑟 − 8𝛿 )]

 
 
 
 
 
 
 
 
 

. )

 
 
 
 
 
 
 

                                           (3.25) 

Where; 

 𝜽𝒓 -is the rotor angel refers to the rotor flux, 

 𝜹 -is the stator winding distribution angle (𝜹 =
𝟐𝝅

𝟗
= 𝟒𝟎𝟎), 

N- number of turns per phase winding,  

r-  is the mean-radius of the air gap and 

 l - is the   effective axial length of stator winding,  

B- is the magnetic-flux density of the machine. For more simplified form let us put  

                                             𝑘𝑒 = lrNB   

Where, 𝑘𝑒 = is known as the back-EMF constant 

therefore, the above equation came be written us follows: - 

                        

[
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eu3

eu4
eu5

eu6
eu7
eu8

eu9]
 
 
 
 
 
 
 

= keωm
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B
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sin( θr)
sin( θr − δ )
sin( θr − 2δ )
sin( θr − 3δ )
sin( θr − 4δ )
sin( θr − 5δ )
sin( θr − 6δ )
sin( θr − 7δ )
sin( θr − 8δ )]

 
 
 
 
 
 
 
 
 

. )

 
 
 
 
 
 
 

                                         (3.25a) 

Where; 

 𝜃𝑟-is the rotor angel referred to the rotor flux, 

 Ke-is the back-EMF constant of the motor  

 B-is magnetic flux density  
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The back-EMF are displaced by 40 electrical degrees from one phase to another, and the above equation 

(3.25a) can be put more simplifies form as shown below; 

ea = keωm[f(θe)] 

eb = keωm[f(θe − δ)] 

ec = keωm[f(θe − 2δ)] 

ed = keωm[f(θe − 3δ)] 

   ee = keωm[f(θe − 4δ)]                                                                       (3.25b) 

ef = keωm[f(θe − 5δ)] 

eg = keωm[f(θe − 6δ)] 

eh = keωm[f(θe − 7δ)] 

ei = keωm[f(θe − 8δ)] 

 

      Where;   

      𝜔𝑚-mechanical rotor speed [rad/sec] 

       Ke – back-EMF constant [v/rad.s-1] 

      𝑓(𝜃𝑒)- trapezoidal function  

     𝜃𝑒- electrical angle of the rotor  

     f(θe) = 𝐴𝑠𝑖𝑛(θe) , where f(θe) is trapezoidal ac signal  

3.4    Torque Equation  

Once we got the back-EMF and the stator phase current then, we can calculate the torque 

developed by the machine. During any 400 intervals, the instantaneous power being converted 

from electrical to mechanical is the sum of the contribution from eight phases in series and is given 

by; 
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                             𝑝𝑇 = 𝜔𝑚𝑇𝑒                                                                                          (3.24) 

     Where; 

       𝑝𝑇 - Total power output, 

       𝑇𝑒 - Total output torque  

      Therefore, the electromagnetic torque produced by the nine phase BLDC motor can be expressed as; 

Te =
𝑒𝑚𝑢1 𝑖𝑢1 +𝑒𝑚𝑢2 𝑖𝑢2+𝑒𝑚𝑢3 𝑖𝑢3+𝑒𝑚𝑢4 𝑖𝑢4+𝑒𝑚𝑢5 𝑖𝑢5+𝑒𝑚𝑢6 𝑖𝑢6+𝑒𝑚𝑢7𝑖𝑢7+𝑒𝑚𝑢8 𝑖𝑢8 +𝑒𝑚𝑢9 𝑖𝑢9 

𝜔𝑚
    (3.25) 

Equation can also rewrite as in equation below such as (3.25-a) 

                           𝑇𝑒 =
1

𝜔𝑚
∑ (𝑒𝑥𝑛𝑖𝑥

𝑖
𝑋=𝑎 )                                                           (3.25-a)                     

And also the back-EMF can be replaced by the derivatives of the flux produced in the motor and 

equation (3.25-a) can be rewritten follows in equation (3.25-b) 

                                 𝑇𝑒 = ∑ (
𝑑𝛹𝑥

𝑑𝜃
𝑖𝑥)

𝑖
𝑋=𝑎                                                               (3.25-b) 

where: 

Te =internal motor torque (no mechanical losses) 

ω, θ= rotor speed, rotor position 

x =phase index, it stands for a, b, c, d, e, f, g, h, i 

𝛹𝑥= magnetic flux of phase winding x 

It is important to understand how the Back-EMF can be sensed and how the motor behavior 

depends on the alignment of the Back-EMF to commutation events. This is explained in the next 

chapter. And from the equation of motion a simple system with moment of inertia J, friction force 

B and load torque Tl, the electromagnetic torque produced counter balanced by load torque, 

inertia torque and friction torque is given by equation (3.26); 

                 𝑇𝑒 = 𝐽
𝑑𝑤𝑚

𝑑𝑡
+ 𝐵𝑤𝑚 + 𝑇𝑙                                                                                (3.26) 

Where; 
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J – Inertia of the rotor and coupled shaft [kg.m2] 

B – Friction constant [Nm.rad-1] 

𝑇𝑙 − Load torque [Nm] 

𝑤𝑚 - Mechanical rotor speed [rad.sec-1]  

 

 The electrical rotor angle is equal to the mechanical rotor angle multiplied by the number of pole 

pairs which is given by; 

 

𝜽𝒆 =
𝒑

𝟐
𝜽𝒎                                                                                                                       (3.27)  

And the mechanical rotor speed (𝜔𝑚) can be found using (12a) 

 

𝝎𝒎 =
𝒅𝜽𝒎

𝒅𝒕
                                                                                                                        (3.28) 

Where; 𝜃𝑚 is mechanical rotor angle [rad.] 

3.5    Open loop s-domain analysis of Nine-phase BLDC motor  

Typically, the mathematical model of BLDC motor is totally no difference with the conventional 

DC motor. The major thing addition is the phase involved which effects the overall result of the 

BLDC motor model. The phases peculiarly affect the resistive and inductive of the BLDC motor 

arrangement. For example, a simple arrangement with a symmetrical 9-hase and “wye” internal 

connection could give the illustration of the whole phase concept.  Consider one of the single phase 

equivalent circuit of the nine-phase machine  

 

Fig. 3.6 simplified single-phase equivalent circuit of the nine-phase BLDC motor   
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The basic component of each of the nine-phase windings are armature resistance R, winding 

inductance L, mutual inductance M and the back-electromotive force(back-EMF). Using 

Kirchhoff’s voltage low (KVL) in the above equivalent circuit the following equation obtained. 

                                        𝑉𝑎𝑛=𝑅𝑎𝑖𝑎+ (L-M)
𝑑𝑖𝑎

𝑑𝑡
 + 𝑒𝑎𝑛                                                           (3.29) 

From the above equation (3.39) we can calculate the back-EMF  

                         𝑒𝑎𝑛 =  −𝑅𝑎𝑖𝑎 − (L-M)
𝑑𝑖𝑎

𝑑𝑡
+ 𝑉𝑎𝑛                                                      (3.30) 

Where; 

𝑉𝑎𝑛 =The stator phase winding voltage  

𝑖𝑎  = stator phase winding current  

𝑒𝑎𝑛 = back-EMF produced in the phase a winding  

Similarly, considering the mechanical properties of the motor, from the Newton’s second law of 

motion, the mechanical properties relative to the torque of the system arrangement would be the 

product of the inertia load, J and the rate of angular velocity 𝜔𝑚 is equal to the sum of all torques; 

these follow with equation 3.31 and 3.32 accordingly; 

                                    𝑱
𝒅𝝎𝒎

𝒅𝒕
= ∑𝑻𝒊                                                                                (3.31) 

                                     𝑇𝑒 = 𝐽
𝑑𝜔𝑚

𝑑𝑡
+ 𝐵𝜔𝑚 + 𝑇𝐿                                                                       (3.32) 

Where, 

𝑇𝑒 =The electrical torque produced by the motor  

𝐽 = The moment of inertia of the motor  

𝐵 = air gap friction constant 

𝜔𝑚 = angular speed of the motor  
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𝑇𝐿 = The supposed load torque applied  

Where, the back-EMF produced in each stator winding phase is directly proportional with the rotor 

speed and it can be written as follows;  

                                  𝑒𝑎𝑛 = 𝑘𝑒𝜔𝑚                                                                                          (3.33)  

  Where, 𝑘𝑒  is the back-EMF constant which is the function of the motor PM flux linkage (𝜆𝑚)                                                        

And also, the electrical torque produced is also a direct relation with the stator phase current 

applied and given by the following relation; 

                                𝑇𝑒 = 𝑘𝑡𝑖𝑎                                                                                                  (3.34) 

Where, 𝑘𝑡  is the torque constant which is dependent on the mass of the shaft and the radius. 

Therefore, re-writing equations (3.29) and (3.30) then equations (3.35) and (3.36) 

                                
𝑑𝑖𝑎

𝑑𝑡
= −𝑖𝑎

𝑅𝑎

(𝐿−𝑀)
−

𝑘𝑒

(𝐿−𝑀)
𝜔𝑚 +

1

(𝐿−𝑀)
𝑉𝑎𝑛                                                 (3.35) 

                                
𝑑𝜔𝑚

𝑑𝑡
= 𝑖𝑎

𝑘𝑡

𝐽
+

𝐵

𝐽
𝜔𝑚 +

1

𝐽
𝑇𝐿                                                                       (3.36) 

Using Laplace transfer to evaluate equations (3.35) and (3.36), the following are obtained 

approximately (all initial conditions are all assumed to be zero)  

From equation (3.35)  

                                𝐿{
𝑑𝑖𝑎

𝑑𝑡
} = L{−𝑖𝑎

𝑅𝑎

(𝐿−𝑀)
−

𝑘𝑒

(𝐿−𝑀)
𝜔𝑚 +

1

(𝐿−𝑀)
𝑉𝑎𝑛}                                                   (3.37) 

This implies;  

                               𝑠𝑖𝑎 = −𝑖𝑎
𝑅𝑎

(𝐿−𝑀)
−

𝑘𝑒

(𝐿−𝑀)
𝜔𝑚 +

1

(𝐿−𝑀)
𝑉𝑎𝑛                                                              (3.38) 

Similarly, the Laplace transform of equation (3.36)  

                              𝐿{
𝑑𝜔𝑚

𝑑𝑡
} = 𝐿{𝑖𝑎

𝑘𝑡

𝐽
+

𝐵

𝐽
𝜔𝑚 +

1

𝐽
𝑇𝐿}                                                                         (3.39)           
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                              𝑆𝜔𝑚 = 𝑖𝑎
𝑘𝑡

𝐽
−

𝐵

𝐽
𝜔𝑚 +

1

𝐽
𝑇𝐿                                                                                     (3.40) 

At no load (for 𝑇𝐿 = 0), equation (3.40) becomes; 

                                    𝑆𝜔𝑚 = 𝑖𝑎
𝑘𝑡

𝐽
−

𝐵

𝐽
𝜔𝑚                                                                                           (3.41) 

From equation (3.41) the stator-phase current (𝑖𝑎) cn be found, then we obtained equation (3.42)  

                                   𝑖𝑎 =
𝑆𝜔𝑚+

𝐵

𝐽
𝜔𝑚

𝑘𝑡
𝐽

                                                                                                    (3.42) 

Then, substitute equation (3.42) in equation (3.40) 

                
𝑆𝜔𝑚+

𝐵

𝐽
𝜔𝑚

𝑘𝑡
𝐽

(𝑠 +
𝑅𝑎

(𝐿−𝑀)
) =  

−𝑘𝑒

(𝐿−𝑀)
𝜔𝑚 +

1

(𝐿−𝑀)
𝑉𝑎𝑛                                                                   (3.43)  

After, some simplification (3.42) finally resolved equation (3.43) 

                𝑉𝑎𝑛 = (
𝑠2𝐽(𝐿−𝑀)+𝑠𝐵(𝐿−𝑀)+𝑠𝑅𝐽+𝐵𝑅𝑎+𝑘𝑒𝑘𝑡

𝑘𝑡
)𝜔𝑚                                                                        (3.44) 

The transfer function G(s) is therefore, obtained as follows using the ratio of and the angular velocity, 𝜔𝑚 

to the voltage source  𝑉𝑎𝑛 . 

That is,  

                𝐺(𝑠) =
𝜔𝑚

𝑉𝑎𝑛
=

𝑘𝑡

𝑠2𝐽(𝐿−𝑀)+𝑠𝐵(𝐿−𝑀)+𝑠𝑅𝐽+𝐵𝑅𝑎+𝑘𝑒𝑘𝑡
                                                                        (3.45) 

Considering, the following assumptions;  

1) The friction constant is very small (𝐵 ≈ 0)  tends to zero, that implies that  

2) 𝑅𝑎𝐽 ≫ 𝐵(𝐿 − 𝑀) and  

3) 𝑘𝑒𝑘𝑡 ≫ 𝑅𝑎𝐵 

And the negligible values zeroed, the transfer function is finally written as; 

              𝐺(𝑠) =
𝜔𝑚

𝑉𝑎𝑛
=

𝑘𝑡

𝑠2𝐽(𝐿−𝑀)+𝑠𝑅𝐽+𝑘𝑒𝑘𝑡
                                                                                 (3.46) 
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So, by re-arrangement and mathematical manipulation on “J(L-M)”, by multiplying top and 

bottom of the equation (3.46)  

𝑅𝑎

𝑘𝑒𝑘𝑡
×

1

𝑅𝑎
 

Equation (4.19) is obtained after the manipulation; 

                        𝐺(𝑠) =
𝜔𝑚

𝑉𝑎𝑛
=

1/𝑘𝑡
𝐽𝑅𝑎
𝑘𝑒𝑘𝑡

 ×
(𝐿−𝑀)

𝑅𝑎
𝑠2+

𝐽𝑅𝑎
𝑘𝑒𝑘𝑡

𝑠+1
                                                                  (3.47) 

From equation (3.47) the following constants are gotten,  

The mechanical time constant (𝑇𝑚) which is given by; 

                         𝜏𝑚 =
𝐽𝑅𝑎

𝑘𝑒𝑘𝑡
                                                                                                       (3.48) 

The electrical time constant (𝑇𝑒) which is given by; 

                      𝜏𝑒 =
(𝐿−𝑀)

𝑅𝑎
                                                                                                         (3.49) 

Substituting, equations (3.48) and (3.49) in equation (3.47), it yields; 

                        𝐺(𝑠) =
𝜔𝑚

𝑉𝑎𝑛
=

1/𝑘𝑡

𝜏𝑚𝜏𝑒𝑠2+𝜏𝑚𝑠+1
                                                                             (3.50) 

Similarly, each winding phases of the nine phase windings of the BLDC motor will have similar 

equations, and the total torque and speed is a contribution of each phases.  

However, the thesis is sensorless control of the motor each time eight-phase is contributed as it is 

discussed the previous chapter based on the back-EMF wave sensorless control the model of the 

BLDC motor also various as follows;  

The whole phases (the nine) will affect primarily the mechanical and electrical time constants as 

they are important part of modeling parameters. Based on the assumption below,  

• All the stator windings of the nine phases of BLDC motor is constant and equal which is 

represented by (R)  
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• All the difference inductance (L-M) in each phase of the nine phase windings are all equal 

and represented by l. 

For the mechanical time constant (with symmetrical star stator winding arrangement), equation 

(3.49) becomes; 

                              𝜏𝑚 = ∑
𝐽𝑅

𝑘𝑒𝑘𝑡
                                                                                             (3.51) 

Where, 𝑘𝑒 , 𝑘𝑡 𝑎𝑛𝑑 𝐽  are constant and τm (the mechanical time constant) is dependent only the 

sum of the active phase winding 

                                       𝜏𝑚 =
𝐽

𝑘𝑒𝑘𝑡
∑𝑅                                                                                 (3.52) 

Similarly, the electrical time constant also (𝜏𝑒) is given by the sum of all phases ratio of the 
𝑙 

𝑅
 

which is given by; 

                                         𝜏𝑒 = ∑
𝑙

𝑅
                                                                                        (3.53) 

The electrical time constant is also depending on the sum of all the phase resistor and the single 

phase inductance of the stator winding. Therefore, 𝜏𝑒 becomes as follows; 

                                       𝜏𝑒 =
𝑙

∑𝑅
                                                                                           (3.54) 

Therefore, since for asymmetrical arrangement and nine phase BLDC motor, the mechanical and 

electrical constants for sensorless control using back-EMF becomes can be calculated as follows, 

since for sensorless control from the previous chapter that only eight phases uses at each time of 

commutation. Therefore, the mechanical and the electrical time constant of the machine can be 

modified as follows;   

First the mechanical time constant (𝜏𝑚) equation (3.47) for nine phase machine becomes  

                     𝜏𝑚 =
9RJ

𝑘𝑒𝑘𝑡
                                                                                                          (3.55) 

Similarly, the electrical time constant, 𝜏𝑒 (3.54) becomes given by as follows; 
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                     𝜏𝑒 =
𝑙

9𝑅
                                                                                                                 (3.56)           

Considering the phase effects, 

                      𝜏𝑚 =
9RJ

𝑘𝑒(𝐿−𝐿)

√9
𝑘𝑡

                                                                                                      (3.57) 

Where,  𝑘𝑒(𝐿−𝐿) is the line to line phase back-EMF constant 

Equation (3.50) now becomes  

                      𝜏𝑚 =
9RJ

𝐾𝑒𝑘𝑡
                                                                                                            (3.58) 

Where, 𝐾𝑒 is the phase values of the EMF (voltage) constants; 

                      𝐾𝑒 =
𝑘𝑒(𝐿−𝐿)

√9
                                                                                                         (3.59) 

And, also there is relationship between  𝐾𝑒 and 𝑘𝑡;  by equating the electrical power and 

mechanical power the following equation can be extracted; 

                    √9 × 𝑒𝑝𝑛 × 𝐼𝑝 =
2𝜋

40
× 𝜔𝑚 ×  𝑇𝑒                                                                            (3.60) 

Where; 

𝑒𝑝𝑛 = Back-EMF voltage produced in each phase  

𝐼𝑝 =the stator phase current  

2𝜋

40
= commutation sequence of the nine-phase inverter  

𝜔𝑚 = rotor angular speed  

 𝑇𝑒 =  torque produced                     

Simplify the equation above, 

                   
𝑒𝑝𝑛

𝜔𝑚
=

𝑇𝑒

𝐼𝑝
×

2𝜋×1

40×√9
                                                                                                     (3.61)           
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But, 𝑒𝑝𝑛 = 𝐾𝑒𝜔𝑚 and 𝑇𝑒 = 𝑘𝑡𝐼𝑝 substitute these two equations on the above equation (3.61) and 

after some cancelation the result will be  

                        𝐾𝑒 = 𝑘𝑡 ×
2𝜋×1

40×√9
                                                                                              (3.62) 

Therefore, 𝐾𝑒 becomes after evaluating equation (3.62)  

                       𝐾𝑒 = 𝑘𝑡 × 0.0523                                                                                            (3.63) 

𝐾𝑒 = ⌈
𝑉.𝑠𝑒𝑐

𝑟𝑎𝑑
⌉, the electrical Back-EMF constant  

𝑘𝑡 = ⌈
𝑁.𝑚

𝐴
⌉, the electrical torque constant  

The equation for the nine-phase BLDC motor can now be obtained as follow from the equation 

(3.22) by considering the effects of the constants and the phase accordingly,  

                        𝐺(𝑠) =
𝜔𝑚

𝑉𝑎𝑛
=

1/𝐾𝑒

𝜏𝑚𝜏𝑒𝑠
2+𝜏𝑚𝑠+1

                                                                        (3.64) 

After now, we can use the parameters of the machine. The parameters used in the modeling are 

extracted from the “the datasheet” of the motor with corresponding relevant parameters used. 

Table 3.1 the nine phase BLDC motor parameters 

Motor parameters Values 

Per phase resistance (R) 0.7 ohm 

Per phase inductance (L) 0.52mH 

Per mutual inductance (M) 0.21mh 

Factious constant (B) 0.0005Nm/rad/sec 

Moment of inertia (J) 0.00025 kgm2 

Number of poles(P) 2 

Back-EMF constant (Ke) 0.0175 V.rad/sec 

Torque constant (Kt) 1.2 Nm/A 

DC-bus voltage(Vdc) 300V 
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Based on the given parameter, in the table 3.1 and substituting and evaluating of the transfer 

function of the motor will yields; 

From the equation (3.64) 

The stator phase voltage (i/p)   rotor speed (o/p) 

   

                    

                       𝐺(𝑠) =
𝜔𝑚

𝑉𝑎𝑛
=

1/𝐾𝑒

𝜏𝑚𝜏𝑒𝑠2+𝜏𝑚𝑠+1
                                                                          (3.64) 

So that, the valve of all the coefficients of the nominator and the dominators hast be find first, 

From equation (3.36) the back-EMF constant (𝐾𝑒)  using the table value of torque constant (𝑘𝑡) 

becomes;                                         

                                     

                                    𝐾𝑒 = 𝑘𝑡 × 0.0523 = 1.2 × 0.0523 = 0.0628 V. rad/sec  

And, similarly the time constants can also find using the tabulated data and equations (3.29) and 

(3.58) as follows; First using (3.56) for torque time constant (𝜏𝑒)       𝜏𝑒 =
𝑙

9𝑅
 

Where, 𝑙 is the difference between the self-inductance phase winding (L) and mutual inductance 

(M). therefore,   

𝑙 = 𝐿 − 𝑀 =0.00052H-0.00021H=0.00031H=0.31mH 

Then, 𝜏𝑒can now be calculate as follows; 

𝜏𝑒 =
0.00031𝐻

9 × 0.7Ω
= 4.92 × 10−5 

And, the mechanical time constant (𝜏𝑚) can also calculate using equation (3.58) 

                               𝜏𝑚 =
9RJ

𝐾𝑒𝑘𝑡
=

9×0.7×0.00025𝑘𝑔.𝑚/𝑠

0.0628×1.2
=0.0251 

Nine-phase 

BLDC motor 

drive 
𝑽𝒑𝒏 𝝎𝒎 
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Therefore, substituting all the given parameters and evaluated parameters (𝐾𝑒 , 𝜏𝑚 and 𝜏𝑒) in 

equation (3.64) the transfer function, G(s) of the motor can be calculated as follows; 

𝐺(𝑠) =
𝜔𝑚

𝑉𝑝𝑛
=

1
Ke

τmτes2 + τms + 1
=

1
0.0628

0.0251 × 4.92 × 10−5 × s2 + 0.0251 × s + 1
 

Therefore, the open loop transfer function 𝐺(𝑠)) of the Nine-phase BLDC motor using s-domain 

is obtained 

            𝐺(𝑠) =
𝜔𝑚(𝑠)

𝑉𝑝𝑛(𝑠)
=

15.9236

1.235×10−6×s2+0.0251×s+1
                                                               (3.64) 

The next chapter, talks about nine-phase BLDC sensorless motor modeling of the motor and closed 

loop PI speed control design of the motor is discussed. 
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CHAPTER 4 

SENSORLESS CONTROL OF NINE-PHASE BLDC MOTOR USING 

BACK-EMF  

4.1    The general overview of sensorless control of nine-phase BLDC motor 

using back-EMF method  

The overall system configuration of the nine phase BLDCM sensorless control using back EMF 

drive is shown in Figure 4.1 The commutation logic controlled inverter and sensorless position 

detection based on back-EMF are used. In this thesis, a concentrated stator winding nine-phase 

BLDC motor operates eight phases on mode is used. Eight phases which produces maximum 

torque are exited leaving the reaming three phase open, therefore the back-EMF in open phases is 

sensed to determine the switching sequence of the inverter. The nine-phase machine is fed by nine-

phase invertors as shown in the figure 4.8. stator phases of the machine are operated by means of 

electronic eighteen-step commutation system.  

The overall sensorless control of nine phases BLDC motor using Back-EMF consists of the 

following basic blocks 

• Nine-phase motor mathematical model (voltage equation) block 

• Nine-phase Voltage source inverter block 

• Back-EMF zero crossing detection block  

• commutation logic block  

The shape of the back-EMF wave form distinguishes the concentrated stator winding BLDC motor 

from the conventional PMSM (i.e. the conventional PMSM has a sinusoidal back-EMF wave 

form). The nine-phase BLDC motor has a permanent magnet rotor and stator windings are wound 

in such a way that the back-electromotive force trapezoidal waveform. Therefore, no particular 

advantage in transforming the machine equation into well-known two axis rotating frame   

equations. Which are done in case of machines with sinusoidal back-EMF [15]. Here in order to 

control the machine we should have to know the rotor position to produces the desired torque and 

speed. Here, under consideration for this thesis work concentrated stator winding nine-phase 

permanent magnet synchronous motor is used for sensorless control using back-EMF of the 
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machine. As the rotor rotates, the wave form of the voltage induced (i.e. back-EMF) in each phase 

with respect to time is an exact replica of the air-gap flux-density wave form with respect to rotor 

position. But because of the fringing effect on the wave from the back-EMF waveform takes on 

trapezoidal shape. 

 

Fig. 4.1 Overall sensorless control of BLDC motor block diagram 

The Back-EMF zero crossing detection enables position recognition. The rectangular, easy to create, 

shape of applied voltage ensures the simplicity of control and drive. But the rotor position must be 

known at certain angles in order to align the applied voltage with the back-EMF. The alignment 

between back-EMF and commutation events is very important. In this condition the motor behaves 

as a DC motor and runs at the best working point.  

In BLDC motor control theory, the stator’s flux should be 90 electrical degrees ahead of the rotor’s 

flux for maximum torque generation. As a consequence, for maximum torque, the phase current 

needs to be in phase with the phase back-EMF voltage. For the 9-phase BLDC motors considered, 

the phases are shifted 
2𝜋

9
=40° from each other, so a convenient method for having a rotating rotor 

flux in the stator is the eighteen-step commutation scheme previously described, commutating 

each of the nine-phase voltages 20 electrical degrees. 
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The sequence of distribution of the gate signals to the nine phases VSI depends on the rotor 

position and rotor speed feedback from BLDC motor. The position of the rotor is estimated in 

sensorless back-EMF method using the zero-cross detection and the point which the back-EMF 

cross zero or the sequence is used to trigger the switches as the timer for during every (
2π

18
= 200) 

electrical degrees. Therefore, according to the rotor position pulses to 18 switches, driving the nine 

phases BLDC motor will be developed using back-EMF wave form sequences. Therefore, 

equation for back-EMF from chapter 3 is given in equation (3.24) and rewritten here in equation 

(4.1)  

 

                          

[
 
 
 
 
 
 
 
𝑒𝑚𝑢1

𝑒𝑚𝑢2
𝑒𝑚𝑢3

𝑒𝑚𝑢4
𝑒𝑚𝑢5

𝑒𝑚𝑢6
𝑒𝑚𝑢7
𝑒𝑚𝑢8

𝑒𝑚𝑢9]
 
 
 
 
 
 
 

= 𝑘𝑒𝜔𝑚

(

 
 
 
 
 
 
 

[
 
 
 
 
 
 
 
 
 

sin( 𝜃𝑟)
sin( 𝜃𝑟 − 𝛿 )
sin( 𝜃𝑟 − 2𝛿 )
sin( 𝜃𝑟 − 3𝛿 )
sin( 𝜃𝑟 − 4𝛿 )
sin( 𝜃𝑟 − 5𝛿 )
sin( 𝜃𝑟 − 6𝛿 )
sin( 𝜃𝑟 − 7𝛿 )
sin( 𝜃𝑟 − 8𝛿 )]

 
 
 
 
 
 
 
 
 

. )

 
 
 
 
 
 
 

                                                             (4.1) 

The back-EMF are displaced by 400 electrical degrees from one phase to another, and the above 

equation (3.24) can be put more simplifies form as shown below; 

𝐞𝐚 = 𝐤𝐞𝛚𝐦[𝐟(𝛉𝐞)] 

𝐞𝐛 = 𝐤𝐞𝛚𝐦[𝐟(𝛉𝐞 − 𝛅)] 

𝐞𝐜 = 𝐤𝐞𝛚𝐦[𝐟(𝛉𝐞 − 𝟐𝛅)] 

𝐞𝐝 = 𝐤𝐞𝛚𝐦[𝐟(𝛉𝐞 − 𝟑𝛅)] 

   𝐞𝐞 = 𝐤𝐞𝛚𝐦[𝐟(𝛉𝐞 − 𝟒𝛅)]                                                                                         (4.1b) 

𝐞𝐟 = 𝐤𝐞𝛚𝐦[𝐟(𝛉𝐞 − 𝟓𝛅)] 

𝐞𝐠 = 𝐤𝐞𝛚𝐦[𝐟(𝛉𝐞 − 𝟔𝛅)] 

𝐞𝐡 = 𝐤𝐞𝛚𝐦[𝐟(𝛉𝐞 − 𝟕𝛅)] 

𝐞𝐢 = 𝐤𝐞𝛚𝐦[𝐟(𝛉𝐞 − 𝟖𝛅)] 
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Where;   

       ωm-mechanical rotor speed [rad/sec] 

       Ke – back-EMF constant [v/rad.s-1] 

      f(θe)-trapezoidal function  

      θe-electrical angle of the rotor 

      δ – displaced or lag angle= 
2π

9
= 400 

In this type of machine in order to develop the maximum torque the back-EMF and current in each 

phase must be in phase.  

4.2    Nine-phase BLDC motor control using back-EMF 

The performance and reliability of BLDC motor drivers have been improved because the 

conventional control and sensing techniques have been improved through sensorless technology. 

In this thesis sensorless control of nine-phase BLDC motor based on Back-EMF method is used 

in order to control the machine for maximum resultant torque. These types of motor had advantage 

to use sensorless control of the rotor position because the motor has trapezoidal back-EMF wave 

form. For maximum toque output out of the nine-phase stator winding machine eight of the nine 

phases are conducted and one is an exited. This is because of maximum toque can be achieved 

when the stator electromagnetic (EM) force is perpendicular to the rotor permanent magnet.  

 

Fig. 4.2 2-pole nine-phase dual stator winding BLDC motor 
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The sequence of taking the current from one phase to another phase is called commutation 

sequence. In case of nine phases motor back-EMF control for maximum torque control, the 

commutation is based on the back-EMF waveform of the motor is based on the following steps:  

1. If positive current in a particular stator winding (𝑎, 𝑏, 𝑐 … 𝑖) that commutation interval 

results appositive torque, then leave it without doing nothing. 

2. If positive current in a particular nine phase stator winding (𝑎, 𝑏, 𝑐 … 𝑖) that 

commutation interval results a negative torque, then flip the current over (change the 

polarity) for a particular commutation interval. 

3. If positive current in a particular nine phase stator winding (𝑎, 𝑏, 𝑐 … 𝑖) that 

commutation interval results a transition of torque (torque from high to low or low to 

high) then turn off the applied current though that winding in that particular 

commutation interval. 

The above rule is based on the back-EMF of the motor and for maximum torque generation. And 

we can see the commutation sequence from the motor back-EMF wave form sequence and then 

we can develop a truth table (Table 4.1) for the eighteen steps commutation sequence by looking 

the back-EMF wave sequence and the current of each phase.  

After we apply the above rule the resultant electrical torque output the machine, is given by: - 

        Te = Ta + Tb + Tc + Td + Te + Tf + Tg + Th + Ti                                               (4.2) 

      The figure 4.2(a, b, and c) below shows the sequential rotor position of the three (A, B, and C 

phases) phases out of nine phases. For the rest of the phases similarly we can show likewise. 

 

 
Fig. 4.2 (a) Nine-phase BLDC motor when the rotor PM reached phase A stator winding 
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Fig. 4.2 (b) Nine-phase BLDC motor when the rotor PM reached phase B stator winding 

 
Fig. 4.2 (c) Nine-phase BLDC motor when the rotor PM reached phase C stator winding 

From, the above principle of rotation the back-EMF produced in the stator winding shown in the 

figure 4.4 the graph plotted below is for one complete cycle (rotation) of the motor for 3600 the 

horizontal axis represents the position of the rotor and the vertical axis represent the back-EMF 

produced in the nine-phase stator winding. 

4.3    Sensorless control of nine-phase BLDC motor Using back-EMF ZCD 

Based the operating modes of this BLDC motor principle the sensorless control of the motor can 

be 1600 conduction mode in this case the effects of stator winding are negligible and the back-

EMF produced in each winding phase angle difference between each phase is 400 depending on 

the winding arrangement of the motor. In ideal cases, this happens on zero-crossing of back EMF, 

when the rotor moves, the Back-EMF is acquired so the position is known and back-EMF zero 
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crossing can be used to calculate the position of the rotor and processing of the commutation in 

the Running state.  Therefore, for every instance of commutation out of nine phases 8 phases are 

conduct and one phases remains unpowered. maximum torque generation for trapezoidal n-phase 

motor n-1 phases is conducted and reaming one phase is unexcited or unpowered. Each semi 

converter device in the nine-phase inverter drive conduct for duration of 1600 electrical angle.   

Here the fig.4.4 is the nine-phase permanent magnet BLDC motor induced voltage (Back-EMF), 

fig 4.5 show as the nine phase voltage waveform. And also, figure 4.5 shows the waveform of 

BEMF and the stator phase current for one complete cycle (360o). and also the tables below show 

that, detection of the rotor position according to the waveform of the machine and the stator phase 

voltage in each sequence.  The figure 4.3 blow shows that the schematic stator phase winding 

arrangement of the nine-phase BLDC motor and the angle between each phases is 400. 

  

 

 

 

 

 

 

 

 

 

Fig. 4.3 Nine-phase stator winding equivalent schematic diagram 
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           Fig. 4.4  Back-EMF volteges waveform of the nine-phase of BLDC motor for one complet cycle(3600) 
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             Fig. 4.5  Nine phase voltages  waveforms for one complet cycle[2]  
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Based on the distribution of the winding and each phase windings separated by 
2𝜋

9
= 40°, the back- 

EMF produced in the nine-phase stator phase wave form for one complete cycle is given as 

following figure below and the each phase back-EMF exactly 400.  

 

Fig. 4.6 Back-EMF and phase current wave form of the nine-phase BLDC motor [2] 

And the following table shows the whole position detection of the rotor based on the back-EMF 

zero crossing point and the polarity of phase currents based on the back-EMF produced in stator 

winding. Based on the back-EMF graph figure 4.6 above the following tabulated summarization 

was developed.    
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Table 4.1    Summarized sensorless rotor position detections and states of the nine-phase VSI 

switches based on back-EMF 

Back-EMF 

Zero-crossing 

occur in Phase 

back-EMF waveform phases or polarities  for the 

1100 elec.dgrees rotation  

Rotor angle 

position in Ele. 

degrees 

conducting 

switches of 

nine-phase VSI 

𝒆𝒂 𝒆𝒃 𝒆𝒄 𝒆𝒅 𝒆𝒆 𝒆𝒇 𝒆𝒈 𝒆𝒉 𝒆𝒊   

A 0 -1 -1 -1 -1 +1 +1 +1 +1 -100-100 S11, S13, S15, S17, 

S4, S6, S10, S12 

F +1 -1 -1 -1 -1 0 +1 +1 +1 100-300 S1, S13, S15, S17, 

S4, S6 , S8, S10 

B +1 0 -1 -1 -1 -1 +1 +1 +1 300-500 S1, S13, S15, S17, 

S6, S8,S10, S12, 

G +1 +1 -1 -1 -1 -1 0 +1 +1 500-700 S1, S3, S15, S17, 

S6, S8, S10, S12 

C +1 +1 0 -1 -1 -1 -1 +1 +1 700-900 S1, S3, S15, S17, 

S8, S10, S12, S14 

H +1 +1 +1 -1 -1 -1 -1 0 +1 900-1100 S1, S3, S5, S17, 

S8, S10, S12, S14 

D +1 +1 +1 0 -1 -1 -1 -1 +1 1100-1300 S1, S3, S5, S17, 

S10, S12, S14, S16 

I +1 +1 +1 +1 -1 -1 -1 -1 0 1300-1500 S1, S3, S5, S7, 

S10, S12, S14, S16 

E +1 +1 +1 +1 0 -1 -1 -1 -1 1500-1700 S1, S3, S5, S7, 

S12, S14, S16, S18 

A 0 +1 +1 +1 +1 -1 -1 -1 -1 1700-1900 S3, S5, S7, S9, 

S12, S14, S16, S18 

F -1 +1 +1 +1 +1 0 -1 -1 -1 1900-2100 S3, S5, S7, S9, 

S2, S14, S16, S18 

B -1 0 +1 +1 +1 +1 -1 -1 -1 2100-2300 S5, S7, S9, S11, 

S2, S14, S16, S18 

G -1 -1 +1 +1 +1 +1 0 -1 -1 2300-2500 S5, S7, S9, S11, 

S2, S4, S16, S18 

C -1 -1 0 +1 +1 +1 +1 -1 -1 2500-2700 S7, S9, S11, S13, 

S2, S4, S16, S18 

H -1 -1 -1 +1 +1 +1 +1 0 -1 2700-2900 S7, S9, S11, S13, 

S2, S4, S6, S18 

D -1 -1 -1 0 +1 +1 +1 +1 -1 2900-3100 S9, S11, S13, S15, 

S2, S4, S6, S18 

I -1 -1 -1 -1 +1 +1 +1 +1 0 3100-3300 S9, S11, S13, S15, 

S2, S4, S6, S8 

E -1 -1 -1 -1 0 +1 +1 +1 +1 3300-3500 S11, S13, S15, S17, 

S2, S4, S6, S8 

 



Sensorless control of nine-phase BLDC motor using back-EMF 

 

Addis Ababa university,AAiT,SECE                        51                                     MSc. Thesis by Abrham M. 
 

Therefore, using   back-EMF zero crossing point and the polarity we can control the position of 

the motor easily and also the switching sequence of the nine-phase VSI based on the position of 

the rotor extracted from the back-EMF generated inside the stator winding.  From the table the 

polarities of the current indicate that which switches should be turn on which are not and the 

polarity of the phase sequence helps which switch the top or the lower leg switch turned on. If the 

polarity is negative with that period, the lower leg of the particular phase is turned on similarly if 

the polarity is positive the upper leg of that phase is on for that particular period.  Using the back-

EMF waveform for one complete cycle (3600), the terminal voltage of the nine-phase inverter for 

the eighteen-step commutation sequences for an interval of 200 period summarized in the following 

table 4.2. Phase current polarities for the first 1800 elec. degrees based on the back-EMF waveform 

also given in the table. 

Table 4.2 Nine phases terminal voltage according to 1600 operating mode for the half cycle 

 

 

Steps  

 

Switching interval 

Electrical degree 

The nine-phase stator 

Phase voltage w.r.t neutral point N during each state  

Van Vbn Vcn Vdn Ven Vfn Vgn Vhn Vin 

1 3500-100 0 −Vdc

2
 

−Vdc

2
 

−Vdc

2
 

−Vdc

2
 

+Vdc

2
 

+Vdc

2
 

+Vdc

2
 

+Vdc

2
 

2 100-300 +Vdc

2
 

−Vdc

2
 

−Vdc

2
 

−Vdc

2
 

−Vdc

2
 

0 +Vdc

2
 

+Vdc

2
 

+Vdc

2
 

3 300-500 +Vdc

2
 

0 −Vdc

2
 

−Vdc

2
 

−Vdc

2
 

Vdc

2
 

+Vdc

2
 

+Vdc

2
 

+Vdc

2
 

4 500-700 +Vdc

2
 

+Vdc

2
 

−Vdc

2
 

−Vdc

2
 

−Vdc

2
 

−Vdc

2
 

0 +Vdc

2
 

+Vdc

2
 

5 700-900 +Vdc

2
 

+Vdc

2
 

0 −Vdc

2
 

−Vdc

2
 

−Vdc

2
 

−Vdc

2
 

+Vdc

2
 

+Vdc

2
 

6 900-1100 +Vdc

2
 

+Vdc

2
 

+Vdc

2
 

−Vdc

2
 

−Vdc

2
 

−Vdc

2
 

−Vdc

2
 

0 +Vdc

2
 

7 1100-1300 +Vdc

2
 

+Vdc

2
 

+Vdc

2
 

0 −Vdc

2
 

−Vdc

2
 

−Vdc

2
 

−Vdc

2
 

+Vdc

2
 

8 1300-1500 +Vdc

2
 

+Vdc

2
 

+Vdc

2
 

+Vdc

2
 

−Vdc

2
 

−Vdc

2
 

−Vdc

2
 

−Vdc

2
 

0 

9 1500-1700 +Vdc

2
 

+Vdc

2
 

+Vdc

2
 

+Vdc

2
 

0 −Vdc

2
 

−Vdc

2
 

−Vdc

2
 

−Vdc

2
 

10 1700-1900 0 +Vdc

2
 

+Vdc

2
 

+Vdc

2
 

+Vdc

2
 

−Vdc

2
 

−Vdc

2
 

−Vdc

2
 

−Vdc

2
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Based on the back-EMF and current waveforms for one complete revolution of the motor the following 

tables are developed. Based on the above truth table a block diagram is designed to generate 

appropriate commutation signal which will be simulate and verify using MATLAB/Simulink in 

chapter 5. Based on the truth table a MATLAB function y=emfE (u) developed code to generate 

the eighteen pulse commutation logic Appendix-B. 

4.3.1 Torque Equation  

Based on the operating system of the motor and the sensorless control of the motor summarized in 

the table 4.5 above we can have developed the torque equation for the motor for each commutation 

sequence as we see from the table at each periods of the commutation the polarity of the back-

EMF and phase currents are the same in order to get maximum torque. From the previous chapter 

3 the electrical torque developed by the motor can be given as follows: 

Once we got the back-EMF and the stator phase current then, we can calculate the torque 

developed by the machine. During any 400 intervals, the instantaneous power being converted 

from electrical to mechanical is the sum of the contribution from eight phases in series and is given 

by; 

                             𝑝𝑇 = 𝜔𝑚𝑇𝑒                                                                                            (4.3) 

And electrical power produced by the motor in each phase also given by (4.3a) 

                        𝑝𝑇 = 𝑒𝑝𝑛𝑖𝑝                                                                                    (4.3a) 

And the total electrical power produced  

                       𝑝𝑇 = ∑ 𝑒𝑥𝑛𝑖𝑥
𝑖
𝑥=𝑎                                                                            (4.3b)                                                                          

 

     Where; 

       𝑝𝑇 - Total power output, 

       𝑇𝑒 - Total output torque   

     𝑒𝑝𝑛- phase back-EMF 

      𝑖𝑝- phase current 

      𝑥= any phases (a, b, c, d, e, f, g, h, i) 

      Therefore, the electromagnetic torque produced by the nine phase BLDC motor can be expressed as; 
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Using the above equation and by equating 4.3 and 4.3b following electrical torque equation can be derived. 

Te =
𝑒𝑎𝑛 𝑖𝑎 +𝑒𝑏𝑛 𝑖𝑏+𝑒𝑐𝑛 𝑖𝑐+𝑒𝑑𝑛 𝑖𝑑+𝑒𝑒𝑛 𝑖𝑒+𝑒𝑓𝑛 𝑖𝑓+𝑒𝑔𝑛𝑖𝑔+𝑒ℎ𝑛𝑖ℎ +𝑒𝑖𝑛 𝑖𝑖 

𝜔𝑚
                              (4.4) 

Using sensorless control of the motor we don’t have the speed of the motor at the beginning 

therefore, we have to cancel out the rotor speed in equation above. Where, e is back-EMF in 

each-winding phase due to the rotation of the rotor given as follows: 

                                  𝑒𝑥𝑛 = 𝑙𝑁𝑟𝐵𝜔𝑚                                                                             (4.5) 

N- number of turns per phase winding,  

r-  is the mean-radius of the air gap and 

 l - is the   effective axial length of stator winding,  

B- is the magnetic-flux density of the machine. For more simplified form let us put  

x= any phase 

                                             𝑘𝑒 = lrNB                                                                                        (4.6) 

Where, 𝑘𝑒 = is known as the back-EMF constant 

Therefore, the electrical torque given in equation 4.3 can be express  by substituting the back-

EMF equation given in equation 4.5 and  after cancelation of  rotor speed ( 𝜔𝑚) torque equation 

become   

𝑇𝑒 =
𝑝

2
(𝑙𝑁𝑟𝐵𝑖𝑎 + 𝑙𝑁𝑟𝐵𝑖𝑏 + 𝑙𝑁𝑟𝐵𝑖𝑐 + 𝑙𝑁𝑟𝐵𝑖𝑑 + 𝑙𝑁𝑟𝐵𝑖𝑒 + 𝑙𝑁𝑟𝐵𝑖𝑓 + 𝑙𝑁𝑟𝐵𝑖𝑔 + 𝑙𝑁𝑟𝐵𝑖ℎ +

𝑙𝑁𝑟𝐵𝑖𝑖 )                                                                                                                                                          (4.7) 

Where, 𝑙, 𝑁, 𝑟, 𝑝, 𝑎𝑛𝑑 𝐵 all are constant and, 

i.e.                                                   𝑇𝑝 = 𝑘𝑡𝑖𝑝                                                                                                              (4.8) 

N- number of turns per phase winding,  

r-  is the mean-radius of the air gap and 

 l - is the   effective axial length of stator winding,  

B- is the magnetic-flux density of the machine. 

 For more simplified form substituting of equation 4.8 in to equation 4.7 becomes, 

𝑇𝑒 = 𝐾𝑡𝑖𝑎 + 𝐾𝑡𝑖𝑏 + 𝐾𝑡𝑖𝑐 + 𝐾𝑡𝑖𝑑 + 𝐾𝑡𝑖𝑒 + 𝐾𝑡𝑖𝑓 + 𝐾𝑡𝑖𝑔 + 𝐾𝑡𝑖ℎ + 𝐾𝑡𝑖𝑖                                               (4.9)  
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Now, the torque produced by the motor in every commutation sequence can be calculated using equation 

(4.6), from the table 4.5 we can see that each switching periods eight phases conducts and one phase is 

not or not energized. now let us see the torque produced for some commutation sequences, 

Sequence-1 (00-100) all phases are contributing torque except phase-a therefor, the torque produced by 

the motor given as follows. i.e. 𝑖𝑎 = 0, 

                                  𝑇𝑒 = 𝐾𝑡𝑖𝑏 + 𝐾𝑡𝑖𝑐 + 𝐾𝑡𝑖𝑑 + 𝐾𝑡𝑖𝑒 + 𝐾𝑡𝑖𝑓 + 𝐾𝑡𝑖𝑔 + 𝐾𝑡𝑖ℎ + 𝐾𝑡𝑖𝑖                       (4.10) 

All the conducting phases produces equal current (𝑖𝑝) and the torque constant also constant everywhere, 

Therefore, the resultant torque produced equation (4.7) can be simplified   

                                                                         𝑇𝑒 = 8𝐾𝑡𝑖𝑝                                                                 (4.10a) 

Sequence-2 (100-300) all phases are contributing torque except phase-f therefor, the torque produced by 

the motor given as follows. i.e. 𝑖𝑓 = 0, 

                             𝑇𝑒 = 𝐾𝑡𝑖𝑎 + 𝐾𝑡𝑖𝑏 + 𝐾𝑡𝑖𝑐 + 𝐾𝑡𝑖𝑑 + 𝐾𝑡𝑖𝑒 + 𝐾𝑡𝑖𝑔 + 𝐾𝑡𝑖ℎ + 𝐾𝑡𝑖𝑖                            (4.11) 

Similarly, sequence-1 torque produced in this period is contributions of 8 phases,  

                                                𝑇𝑒 = 8𝐾𝑡𝑖𝑝                                                                                          (4.11a) 

Sequence-3 (300 -500) all phases are contributing torque except phase-b therefor, the torque produced by 

the motor given as follows. i.e. 𝑖𝑏 = 0, 

                          𝑇𝑒 = 𝐾𝑡𝑖𝑎 + 𝐾𝑡𝑖𝑐 + 𝐾𝑡𝑖𝑑 + 𝐾𝑡𝑖𝑒 + 𝐾𝑡𝑖𝑓 + 𝐾𝑡𝑖𝑔 + 𝐾𝑡𝑖ℎ + 𝐾𝑡𝑖𝑖                           (4.12) 

                                                                                 𝑇𝑒 = 8𝐾𝑡𝑖𝑝                                                        (4.12a) 

Similarly, the torque produced for the rest of the sequence can be done and by doing that using back-

EMF sensing and controlling the nine-phase VSI maximum constant torque can be achieved. And each 

time of commutation eight phases out of nine is used and the total torque amplitude produced is eight 

times the torque produced by each phase. 
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Fig. 4.7 resultant electrical torque produced for 200 commutation 

4.4    Nine-phase Inverter design for nine-phase BLDC motor 

The power electronic convertor coverts DC supply to AC output is called inverter. Nowadays using 

this power electronic convertor, we can get more than three phase electrical supply. The nine-

phase BLDC motor need an electronic inverter to control the rotation of the motor and to 

commutate the stator current one winding phase to the other phase winding. Depending on the type 

of DC source supplying the inverter; it can be classified as voltage source inverters (VSI) and 

current source inverters (CSI). The DC source is usually rectified from the three-phase AC-input 

power. There is a DC link connected between the rectifier and the inverter. A capacitive-output 

DC link is used for a VSI and an inductive output link is employed in CSI. The circuit diagram for 

a two-level nine-phase voltage source inverter for power applications is shown in figure 4.8. 

Here in this thesis nine-phase inverter is used for the nine-phase BLDC motor. The inverter has 

DC power supply (usually from rectifiers) and 18 electrical switches and each switch is conducting 

for 160 electrical degrees for sensorless control. Each switches are   conducting seat has the eight-

cycles and each cycle has 20 electrical degrees and at each cycle a commutation is takes place. 

Commutation means switching current from one conducting stage to another not conducting stage. 

The switches are controlled by eighteen-pulse logic gate generator according to the rotor position. 

The rotor position information is crucial for controlling the machine. If we have the rotor position 

information we can do proper commutation for controlling the machine. Here is schematic diagram 

of nine-phase inverter switches. In the figure 4.8; Vdc represent DC source the numbers (1, 2, 3, 

4…9) indicates the nine phase winding of the motor and (S1, S2, S3…. S18) represents the eighteen 

semi-inverter switches to control inverter outputs. For operation of nine-phase BLDC motor, the 

phase current and back-EMF should be aligned to generate constant torque. The commutation 

sequence point here in this thesis can be detected using sensorless method based on back-EMF 

waveform sequence. And a 200 phase shift, using 18-step commutation scheme through a nine-

𝑻𝒆(𝑵𝒎) 

8𝑘𝑒𝑖𝑝 

 𝜽𝒓  𝟎𝟎 
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phase inverter for driving the nine-phase BLDC motor. And the conducting interval for each phase 

is 1600 electrical angle. Therefore, only eight phases are conducting current at any time, leaving 

reaming last phase floating or unexcited. In order to produce maximum torque, the inverter should 

be commutated every 200  by detecting zero crossing of the back-EMF on the floating phase coil 

of the motor, so that current is in phase with the back-EMF waveform. The terminal voltage of the 

floating phase is directly proportional to the back-EMF. The ZCP can be detected by comparing 

terminal voltage of floating phase with the half of DC link voltage or the virtual neutral voltage. 

Fig. 4.8 schematic diagram of Nine-phase VSI’s for nine-phase BLDC motor  

The switching sequences of the eighteen-step inverter is based on the back-EMF waveform is 

determined from the truth table of the back-EMF waveforms. During each commutation sequence 

(
2𝜋

18
= 20) the back-EMF wave-form is detected and the sequence leads us to determine which 

switches are ON and which switches are turned OFF. Therefore, from the back-EMF waveform 

we can get the switching sequence and the eighteen step sequences are given to the nine-phase 

inverter and the inverter supply the appropriate signal (input voltage) to the nine-phase stator 

winding of the machine for maximum torque operation. 

A basic nine-phase VSI is an eighteen-step bridge inverter, consisting of eighteen power 

electronics switches. Each switch in the circuit consists of two power semiconductor devices, 
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connected in anti-parallel. One of these is a fully controllable semiconductor, such as a IGBT, 

while the second one is a diode. A step can be defined as the change in firing from one switch to 

the next switch in proper sequence. For a eighteen-step inverter each step (commutation sequence) 

(
𝟐𝛑

𝟏𝟖
= 20°) intervals for one cycle of 3600. That means the switches would be gated at regular 

intervals of 𝟐𝟎° in proper sequence to get a nine-phase AC output voltage at the output terminal 

of VSI. The eighteen switches are divided into two groups; upper nine switches as positive group 

(i.e. S1, S3, S5, S7, S9, S11, S13, S15, S17) and lower five as negative group of switches (i.e. S2, S4, 

S6, S8, S10, S12, S14, S16, S18). There are two conductions mode to the switches the nine-phase 

inverter switches for one complete cycle (3600) such as [28]: 

1) 1800 conduction mode and 

2)  400 conduction mode.  

4.4.1 Nine-phase 1800 Degree Conduction Mode VSI 

By referring to figure 4.2, each switch conducts for 1600 of a cycle. Switch pair in each leg, i.e. 

S1-S2; S3-S4; S5-S6; S7-S8; S9-S10; S11-S12; S13-S14; S15-S16; S17-S18 are turned on with a time interval 

of 1800. It means that S1 conducts for 1600 and off for 200   then, S2 starts conduct and its state is 

for the first 200 not conduct and for the next 1600 conduct for the application of the inverter for 

nine-phase BLDC motor.  

In the eighteen-step 1800 conduction mode of operation, eight switches are on at a time, four from 

positive group and four from negative group or vice versa, each switch conducts for 1600 of a cycle 

and two switches of the same leg should be turned on simultaneously in both cases as this condition 

would short circuit the DC source and in each period of 1800 conduction two switches. The upper 

and lower switches of only one leg of the nine-phase inverter is not conduct at each time in the 

case of eighteen-step commutation of the BLDC motor.  

4.4.2 Nine-phase 400 Degree Conduction Mode VSI  

The nine-phase BLDC winding of motor is constructed with angle between each other is (
𝟐𝛑

𝟗
=

40°)  using the lag-angle of the winding  and using the switching of the this nine phase in order 

to proper commutation. The power circuit diagram of this inverter is the same as shown in figure 
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4.9 for the 40° mode VSI, each switch conducts for 40°0 of a cycle. Like 1800 mode, 40° mode 

inverter also require eighteen-steps, each of  
𝟐𝛑

𝟏𝟖
= 20°  duration for completing one cycle of the 

output AC voltage. 

 

 Fig. 4.9 Nine-Phase 400 operating mode VSI   

As shown in figure 4.2; in 400 mode conduction S1 conducts with S12 for 200 then S14 for the next 

200 conducts with S3 conduct with S12 for another first 200 and conduct with S14 for the next 200, 

like, wise every 200 the switching is takes place for all the rest of the switches of the nine-phase 

inverters using this note and the above figure 4.2 conduction mode sequences of the switches 

based on the period of sequence can be written as follows S12 S1, S12 S3, S3 S14, S14 S5, S5 S16, S16 

S7, S7 S18, S18 S9, S9 S2, S2 S11, S11 S4, S4 S13, S13 S6, S6 S15, S15 S8, S8 S17 and S17 S1, this sequence is 

also known as the eighteen-step computation sequence. In this conduction mode the chances of 

short circuit of the DC link voltage source is avoided as each switch conduct for 400 in one cycle, 

so there is an interval of 200 in each cycle when no switch is in conduction mode and the output 

voltage at this time interval is zero. 
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4.4.3 Nine-phase Inverter function modeling  

For each commutation sequence using the back-EMF waveform sequences and the switching 

sequence of the machine develop the nine-phase inverter phase output voltage. The output voltage 

of the inverter to the stator windings of the machine can be modeled as follows as function of 

switching sequence of the inverter and the DC-bus voltage shown as below using equation (4.13). 

½( S1Vdc-S4Vdc ) 

½( S3Vdc-S2Vdc ) 

½( S5Vdc-S6Vdc ) 

½( S7Vdc-S8Vdc ) 

                                                                 ½( S9Vdc-S10Vdc )                                                        (4.13)                                                                                                                                            

½( S11Vdc-S12Vdc ) 

½( S13Vdc-S14Vdc ) 

½( S15Vdc-S16Vdc ) 

½( S17Vdc-S18Vdc ) 

Where, S1, S2, S3…. S18    the state of the switches from the eighteen pulse commutation logic gates. 

The nine-phase inverter works based on the eighteen-step sequence of the switches. The switch 

sequence can be done based on the back-EMF zero crossing sequence using the truth table above 

table 4.3. 

 

Fig. 4.10 Nine-phase inverter-function block-diagram (logical control of nine phase inverter) 
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4.5  Eighteen-step Commutation logics for the machine 

The operating status of the switches in the voltage source inverter in figure 4.8 can be represented 

by switching states. Using table 4.1 and nine phase BLDC back-EMF waveform described above 

the switching sequence of the inverter developed for 1600 conduction mode in Table 4.1, switching 

state ‘1’ denotes that the ON state switch and 0 denotes for OFF state switches. in an inverter leg 

is on and the inverter terminal voltage V is positive (while ‘0’ indicates that the inverter terminal 

voltage is zero due to the conduction of the lower switch. There are thirty-two possible 

combinations of switching states in the VSI as listed in Table 4.3. if any of lower-leg switches of 

the nine-phase inverter is 1 (ON) the terminal voltage of that leg is negative-half of the DC-bus 

voltage (−𝑉𝑑𝑐/2) and if any of the upper-leg switches of the nine-phase inverter is 1 (ON) the 

terminal voltage of that leg is positive-half of the DC-bus voltage (+𝑉𝑑𝑐/2)   based on this 

principle of working and using the above tables the sensorless control of the nine-phase BLDC 

motor model is designed. 

The machine is used an electronic commutation to control the speed and torque of the machine. 

The sequence of distribution of gate signals depends on the feedback from the motor rotor position 

of the motor. The position of the motor is sensed during every 
π

9
= 20 electrical degree. According 

to the position of the rotor pulses to the 18 switches driving the BLDC machine. Here, the 

commutation sequence is developing using sensorless techniques called the zero crossing of the 

back-EMF detection method. After determining the position signals the commutation logic are 

generated, which drive the inverter switches. This model can generate exact square wave switching 

pattern. Thus, generating signals for 18 switches. At each instant, out of nine phases eight -phases 

conduct, and one of the nine phase are not conduct or remain unpowered. Here, in the figure 4.11 

shows the eighteen-pulse generator based on the back-EMF sequence of the motor. 
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Table 4.3 eighteen-step switching sequences (state) of the nine-phase inverter switches based on 

the back-EMF sequence for the first 1800 rotation 

Step Rotor 

Position 

Ele.dgree 

The Eighteen Inverter Switches and states  

(0 for OFF state and 1 for ON state) 

S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 S11 S12 S13 S14 S15 S16 S17 S18 

1 3500-100 0 0 0 1 0 1 0 1 0 1 1 0 1 0 1 0 1 0 

2 100-300 1 0 0 1 0 1 0 1 0 1 0 0 1 0 1 0 1 0 

3 300-500 1 0 0 0 0 1 0 1 0 1 0 1 1 0 1 0 1 0 

4 500-700 1 0 1 0 0 1 0 1 0 1 0 1 0 0 1 0 1 0 

5 700-900 1 0 1 0 0 0 0 1 0 1 0 1 0 1 1 0 1 0 

6 900-1100 1 0 1 0 1 0 0 1 0 1 0 1 0 1 0 0 1 0 

7 1100-1300 1 0 1 0 1 0 0 0 0 1 0 1 0 1 0 1 1 0 

8 1300-1500 1 0 1 0 1 0 1 0 0 1 0 1 0 1 0 1 0 0 

9 1500-1700 1 0 1 0 1 0 1 0 0 0 0 1 0 1 0 1 0 1 

10 1700-1900 0 0 1 0 1 0 1 0 1 0 0 1 0 1 0 1 0 1 

 

The ZCD method is based on detecting the instance at which the back-EMF in the unexcited phase 

crosses zero. Here, in order to produce maximum torque, the inverter must be commutated every 

20 electrical degrees by detecting ZC of back-EMF on the floating coil of the motor, so that current 

is in phase with the back-EMF. This zero crossing triggers a timer, so that the next sequential 

inverter commutation occurs at the end to this timing interval. The conducting interval for each 

phase is 160 electrical degrees. Therefore, any eight phases conduct currents at any time, leaving 

the ninth phase floating. The commutation logic specifies the time intervals during which the 

switches should be ON and OFF to average the DC bus voltage applied there by controlling the 

speed. 
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Fig. 4.11   Back- EMF ZCD for eighteen-step commutation logic 

Therefore, based on the above back-EMF sequence and the switching state Table 4.3 we can 

control equivalently as using rotor position sensor in addition using the above table and switching 

sequence the MATLAB eighteen-step commutation Simulink block and MATLAB code 

developed for proper function of the sensorless control of the machine in the following chapter.  

4.6 Speed control of the Nine-Phase BLDC motor  

4.6.1 The open-loop analysis motor based 

One of the difference between DC motor and BLDC motor is implied under, the BLDC motor, the 

stator windings are energized sequentially to rotate the rotor of the motor. And also, there is no 

physical connection between the stator and the rotor.  

Therefore, the open loop transfer function 𝑮(𝒔) of the Nine-phase BLDC motor using s-domain is 

obtained from the previous chapter the open-loop transfer function is given by (Eq.3.64) and 

rewritten here below in equation 4.3  and the output characteristics of the open-loop analysis is 

shown in the next chapter using MATLAB/Simulink. 

            𝐺(𝑠) =
𝜔𝑚(𝑠)

𝑉𝑝𝑛(𝑠)
=

15.9236

1.235×10−6×s2+0.0251×s+1
                                                                          (4.3) 
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4.6.2 The closed-loop PI speed controller of the motor  

The speed of BLDC motor has direct relationship between the DC voltage or the phase voltage, 

that means the motor speed can be controlled by controlling the amplitude to varied the supplied 

𝑉𝑑𝑐 to voltage source inverter. For inverter controlled BLDC motor drives, the inverter can be 

controlled by either PWM techniques with constant DC-link voltage or pulse amplitude 

modulation modulates the inverter power devices Using 160-degree modulation techniques and 

controls the amplitude of DC-link voltage. And the general block diagram representation of PAM 

based speed control of the machine is given in figure 4.12 and the proposed PAM speed controller 

basically has four parts; 

• Nine-phase BLDC motor  

• DC-link voltage source (DC to DC) / (AC-DC) voltage source. 

• Nine-phase VSI (Plant) 

• PI-Controller (proportional-integrator  

For PAM control, 160-degree commutation control is used in general and the DC-link voltage is 

adjusted according to the error between speed and its reference. 

 

        Fig. 4.12 Overall closed-loop speed controller block diagram 

After the motor sensorless control he model of the PI speed control of the BLDC motor is required 

in order to control the motor for different speed and different motor speed. The speed of BLDC 

motor ha direct relationship between the DC voltage or the phase voltage, that means the motor 
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speed can be controlled by controlling the amplitude to varied the supplied 𝑉𝑑𝑐 to voltage source 

inverter. The general closed loop PI control of   the motor block diagram is given below.  

 

 

                                                                              

 

Fig. 4.13 closed loop PI control block diagram of the motor 

The proportional-integral(PI) controller is about the most common and useful algorithm in control 

of speed control of BLDC motor. In most case, feedback loops are controlled using the PI 

algorithm. The main reason why feedback is very important in systems is to be able to attain a set 

point irrespective of the disturbances or any variation of any form. The PI controller always 

designed to correct error(s) between measured proses value(s) and set value(s) in a system. A 

simple illustration on how PI works is given below: Consider the characteristics of parameters-

proportional(P) and integral(I), and derivative(D) controls, as applied to the diagram below in 

figure 4.8. 

 

 

 

 

Fig. 4.14 closed-loop PI control of the motor 

Considering the figure 4.14, variable, e is error, and it is the difference between the desired input 

value voltage (𝑉𝑝𝑛) and the actual output the output speed of the rotor (𝜔𝑚). In closed loop, e will 

be sent to the PI controller, and the controller will perform the proportional and integral and 

derivative computation on the error signal. Thereafter, the signal, u which is the output of the 

controller is now equal to the sum of [ the product of proportional gain, 𝐾𝑝 and magnitude of the 

error(e)] and [the product of the integral gain, Ki and the integral of the error(e)]. 

PI 
Nine-phase BLDC 
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                                     U=𝐾𝑝e+𝐾𝑖 ∫ 𝑒𝑑𝑡                                                                                                   (4.4) 

Next, by adding the transfer function of the nine-phase BLDC motor from the above open loop 

transfer function obtained in equation (3.39) in the place of G(S) the above closed loop block- 

diagram can be modified as follows. And the DC-link voltage is given 300 volts. 

 

 

 

Fig. 4.15 closed-loop PI control with the motor transfer function 

The signal value, u is the set continuously fed to the plant with every corresponding new output 

(𝝎𝒎), being obtained as the proses continues. The output, 𝝎𝒎 is set back and subsequently new 

error signal, e is found and the same process repeats itself on and on. After using different methods 

of tuning the speed is controlled the tuning of the proportional suitable and stable output is 

achieved. All the tuning and the result of the simulation will be discussed in the following chapter 

five using MATLAB/Simulink. And also in the following chapter sensorless control of the 

machine based on the back-EMF model and closed loop speed control of the system explained.   
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CHAPTER 5 

MATLAB SIMULATION AND RESULT DISCUSSION 

5.1      Introduction 

MATLAB Simulink environment is a software package that utilizes the computational tools of 

MATLAB to analyze complex dynamic systems. The program is capable of solving both linear 

and nonlinear processes so it is perfectly suited to simulating multiphase synchronous machines. 

The first step in modeling a controller is to create a block diagram representation of its algorithm. 

This can be constructed from existing blocks in the Simulink library or from those created by the 

user. Once the block diagram has been developed it can be simulated using any number of different 

solvers. These compute the internal state variables of the blocks by solving their respective 

Ordinary Differential Equations. Choosing the appropriate solver can significantly decrease the 

computation time and improve the accuracy of the simulation. This decision is largely dependent 

on whether the controller model is implemented in discrete time using z variables, or continuous 

time using time domain t variable or the Laplacian S variable. 

5.2   Simulation of sensorless control of the nine-phase BLDC motor 

5.2.1  Simulink Modeling of nine-phase BLDC motor  

The nine-phase BLDC motor model can be constructed using mathematical equations of the 

machine and back-EMF waveform sequences of the motor derived from the above chapters three 

and four. Once the block diagram has been developed it can be simulated using any number of 

different solvers. These compute the internal state variables of the by solving their respective 

Ordinary Differential Equations. The nine-phase BLDC motor parameter the given by the 

following table 5.1  
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Table 5.1 Nine-phase BLDC Motor parameters [37] 

Motor parameters Values 

Per phase resistance (R) 0.7 ohm 

Per phase inductance (L) 0.52mH 

Per mutual inductance (M) 0.21mh 

Moment of inertia (J) 0.0025 kgm2 

Number of poles(P) 2 

Back-EMF constant (Ke) 0.0175 V/rad/sec 

Torque constant (Kt) 1.2 Nm/A 

DC-bus voltage (Vdc) 300V 

 

The motor model and simulation based on the mathematical equation of the motor and using 

MATLAB code presented here I this chapter. The Simulink model of the motor and its drive is 

modeled using MATLAB Simulink in order to see the characteristics and the appropriate model 

of the motor. The overall Simulink model of the nine-phase BLDC motor is given in the figure 

below 5.1. The Simulink model of the nine-phase BLDC motor drive divided by four main 

different blocks,   

I. Nine-phase BLDC Motor model  

• Voltage equation block  

•  Back-EMF equation block  

•  Mechanical equation block  

• Electromagnetic torque block  

II. Nine-phase voltage source inverter blocks  

III. Switching pulse block (the eighteen-step pulse generator) 

IV. The back-EMF sequence generator block 
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Figure 5.1 Depicts the complete Simulink model of nine-phase permanent magnet brushless DC 

motor (PMBLDC motor)  drive both the motor model and the nine-phase inverter model of the 

motor. The detail of each blocks of the Simulink model of figure 5.1 presented in Appendix A. 

   

Fig. 5.1 Simulink model for sensorless control of nine-phase BLDC motor  

5.2.2 Simulink model of voltage equation of BLDC motor  

Simulink model of electrical torque produced by the machine, using the back-EMF and the nine-

phase stator-current produced by the machine stator winding Simulink model of the nine-phase 

BLDC motor drive. Fig 5.2 shows Simulink model of phase a winding voltage and current equation 

of the motor, for the reaming phases (b to i) also has been done similar manner. 

 
Fig. 5.2 Simulink model of voltage equation for stator winding phase-a 
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5.2.3 Simulink model of Electromagnetic torque produced  

The torque and rotor speed relationship equation developed in the previous chapters also developed 

using MATLAB Simulink. And the Simulink model of the mechanical equation related to the 

electrical torque also modeled together in the figure 5.3 below. 

 
 

Fig. 5.3 Simulink model torque equation 

5.2.4 Simulink model of the nine-phase inverter  

The nine-phase inverter used in the Simulink model is done by the inverter function and the 

eighteen step switches developed in the previous chapter the MATLAB Simulink model of the 

nine-phase inverter Simulink is modeled based on the switching sequence is given in the figure 

5.4 below. switching sequence inverter function done by using the rotor position information of 

the motor. Modeling of switching sequence based on the back-EMF sequences for each eighteen 

step of the machine the function of the model is summarized by Table 4.3. 

 

Fig. 5.4 Nine-phase inverter function Simulink modeling 
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5.3   Simulation Result and Discussion 

The Simulation result of a sensorless control of nine-phase BLDC motor based on the back-EMF 

waveform sequence was carried out to assess its performance. The nine-phase BLDC motor used 

has the parameters given in Table 5.1 

 
Fig. 5.5  DC-bus Voltage supplied to the nine-phase  inverter 

 

 
Fig. 5.5-a Nine-phase controlled VSI terminal voltages for No-load  
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Fig. 5.6 No-load open-loop speed response of the motor 

The result of the open loop simulation as shown the response of the speed outputs good almost it 

has 0.01sec rise time and the settling time 0.07sec and the maximum peak value is also almost 

constant after settling time.  

 

Fig. 5.7 Actual rotor position for no-load  

Figure 5.7 shows the actual rotor position, as can be observe from the figure if the angle is reach 

at 2π rad or 3600 it turns back to 0 until the simulation time is end with the constant frequency. 
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Fig.5.8 nine-phase Back-EMF output without load  

 

Fig.5.9 Individual nine phases Back-EMF output without load  

From the above back-EMF zoom output shows every time within 400 periods the back-EMF of 

one phase is goes from high to low or low to high.  
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Fig. 5.10 controlled nine-phase stator current without load 

From simulated figure 5.10 the stator phase current of the nine phase BLDC motor controlled 

based on the back-EMF wave sequences for no-load condition the frequency of phase current 

produced is constant which is almost 30Hz. 

The next simulation shows the open-loop response of the system when load torque(TL=4Nm) is 

applied at 0.5 second the load torque and the response of the simulation is given in the figre 5.21 

and fig.5.22 respectively. 

 
Fig. 5.11   DC-bus Voltage supplied to the nine-phase  inverter 
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Fig. 5.12  Load torque applied (0 f0r 0.5 sec and 4Nm aftre 0.5sec) 

 

                  Fig. 5.13 output speed of the motor with load torque (TL) at 0.5 sec 

 

The output speed of the motor with load torque (TL) at 0.5 sec the rising time is 0.015sec and 

the maximum speed produced is 2265rpm at and the minimum speed is 1127rpm after 0.55sec. 

fall time for speed response 15.108ms. 

 
Fig. 5.14 actual rotor positions  
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from the figure above the speed response is shown that at the time of the load torque applied the 

speed of the motor is decreased and almost half of the no-load speed, as the load is a disturbance 

variable for the system the speed is decreased by some amount of speed in order to get constant 

speed the speed control must be applied. 

 

                   Fig. 5.15 Nine-phase Back-EMF produced with load at 0.5 sec 

The back-EMF is also the function of the rotor speed from the above figure.5.15 we can see that the 

amplitude of the back-EMF is decreased when the time of the load torque is applied due to the decreasing 

of the rotor speed.  

 

Fig. 5.16 Nine-phase individual Back-EMF output with load  
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Fig. 5.17 Eighteen-pulses commutation logic output pulses  

 

Fig. 5.18 Commutation logic generated Pulses for switch S1 with load applied 0.5 sec 

 
Fig. 5.19 Nine-phases  VSI output voltage  
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Fig. 5.20 Individual nine-phases VSI output voltage for 0.8sec 

 

                                        Fig. 5.21  controlled stator winding phase current  of the motor with load applied at 0.5sec. 



Sensorless control of nine-phase BLDC motor using back-EMF 

 

Addis Ababa university,AAiT,SECE                        78                                     MSc. Thesis by Abrham M. 
 

From the figure 5.20 and figer 5.21 after the load applied the frequancy of the stator both wave 

form is decrease and the  phase current waveform based on the  the controlled termnal voltage  out 

put of the nine-phase BLDCM. And also the amplitudes of both phase current and voltage are 

constant. From the figure 5.21 amlutude is 7A and the rise time is 0.0026sec. and the amplitude of 

the phase voltage from the figure 5.20 is 148.7V voltage and the frequancy of both phase curent 

and voltage is 30Hz.  

 

                         Fig. 5.22 electrical torque produced and load torque applied at 0.5sec  

From torque produced by the motor shown in figure 5.22 the starting torque is 12.7Nm at 0.027sec, 

mean torque produced is 2.019Nm and the rising time of the torque produced is 0.0034 second and 

the fall time is 0.006sec. 

5.4       Simulation of speed control of nine-phase BLDC motor  

5.4.1 Simulation of open-loop response of the motor    

With the aid of the nine-phase BLDC motor modeling and the parameters of the motor given in 

the above table 5.1 provided, the open loop analysis is done by considering the stability factors 

and making the necessary plots for this analysis.  Using the open loop, the transfer equation (3.39) 

and the parameters of the motor given above we can developed MATLAB-m files for open lope 

m-files Nopenloop.m. equation 3.37 and equation 3.39 from chapter four rewritten here in below. 

𝐆(𝐬) =
𝛚𝐦

𝐕𝐚𝐧
=

𝟏/𝐊𝐞

𝛕𝐦𝛕𝐞𝐬𝟐 + 𝛕𝐦𝐬 + 𝟏
 

𝐆(𝐬) =
𝛚𝐦(𝐬)

𝐕𝐩𝐧(𝐬)
=

𝟏𝟓. 𝟗𝟐𝟑𝟔

𝟏. 𝟐𝟑𝟓 × 𝟏𝟎−𝟔 × 𝐬𝟐 + 𝟎. 𝟎𝟐𝟓𝟏 × 𝐬 + 𝟏
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Fig. 5.23 Open-loop plant step-response of the system 

Similarly, here the open loop performance of the motor is investigated and the result is satisfactory 

for the above model observed the output. 

 

 

 

 

  

Fig. 5.24 Open-loop Simulink speed response in rpm for 1sec   

5.4.2 closed-loop PI speed control simulation of nine-phase BLDC motor  

From chapter 4 we have seen the general way of the PID speed control of the motor based on the 

open loop transfer function and the PI controller the speed can be tuned in the required speed point. 

𝟏𝟓. 𝟗𝟐𝟑𝟔

𝟏. 𝟐𝟑𝟓 × 𝟏𝟎−𝟔 × 𝐬𝟐 + 𝟎. 𝟎𝟐𝟓𝟏 × 𝐬 + 𝟏
 

DC- voltage  

Source (step input) 

speed-output 

𝝎𝒎(𝒔) 

Voltage 

gain 
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This speed control using Proportional-Integrator(PI) closed loop controller is implemented here 

for the nine-phase BLDC motor. the result of the modeling and the result of the closed loop 

simulation is presented as follows. Output of the PI controller adjust the pulse amplitude 

modulation (PAM) of the controlled voltage source. 

The general block diagram representation for PI speed control of the motor is given as follows  

 

 

 

 

                  Fig. 5.25 Closed loop PI speed control block of motor using the transfer function  

Based on the rule and the result of the open loop speed control of the motor the closed loop 

proportional (𝐾𝑝) and the integral (𝐾𝐼) constant is tuned in order to get the desired speed required. 

The closed loop simulation done one using MATLAB/ Simulink software. 

The MATLAB Simulink block is as follows  

     
                                  Fig. 5.26 Closed loop PI speed control Simulink model of the motor 

The result of the Simulink is presented as follows  

The reference speed in the Simulink is used for 0.5 sec the speed is 2000rpm and for the next 

0.5sec to 1 sec the speed became 1000rpm and from the Simulink block the display of the speed 

of scope1 is shown the reference speed (Wr).  

𝑲𝒑   +
𝑲𝑰

𝑺
 

15.9236

1.235 × 10−6 × s2 + 0.0251 × s +

𝑽𝒑𝒏 e 

_ + 

𝝎𝒎 U 
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Fig.  5.27 reference speed (1000rpm for 0.5 sec and for the next 0.5sec 2000rpm) 

 

Fig. 5.28 PI speed response of the motor for the given reference speed given in fig. 5.27 

The second closed loop control is using PI controller and the whole-time domain Simulink model 

of the motor. 

The tuned proportional constant Kp and Ki for closed loop speed controller are given below: 

𝑘𝑝 = 3.0214 and  𝑘𝑖 = 0.0204 . 

The design criteria (desired output) for the closed-loop PI speed controller  

• Rising time less than 0.01sec and  

• Settling time less than 0.05sec. 
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              Fig. 5.29 Simulink model for PI speed controller of the Nine-phase BLDC motor 

 

Fig 5.30 speed reference input given (1500 rpm constant speed) 

 

                    Fig. 5.31 closed loop speed response of the motor for the above reference speed 
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The closed-loop speed simulated result shows in the figure 5.31 the settling time is very short 

and acceptable which is 0.005sec and its rise time is 0.0026sec. Form, for above closed-loop PI 

Simulink model the result of the simulation for different speed level shown below, first the 

reference input speed is given in the figure 5.32:  

 

      Fig. 5.32 Reference speed (2000rpm for 0.5sec and 1000rpm after 0.5sec) to the controller    

The response of the system for the above desired speed is given below  

Fig. 5.33 Speed response of the simulation for the above reference speed 

The response of the closed-loop control of the system motor for different speed range for the given 

desired speed is shown as follows; 
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                                            Fig. 5.34 speed reference given to the motor  

 

Fig. 5.35 PI- control speed response of the motor for different speed 

Therefore, the controller result is shown in the above is very satisfactory and the settling time is 

also very fine. The only drawbacks of the controller are the overshoot intransient point or time for 

the problem we can add the differentiator controller became PID using this proportional-integrator-

differentiator controller we can eliminate the overshoot and the overshoot oscillation time is very 

short which is less than 0.005sec.  
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CHAPTER 6 

CONCLUSION AND RECOMMENDATION 

6.1    Conclusion 

In this thesis, design and simulation of sensorless control for nine-phase BLDC motor using Back-

EMF waveform zero-cross detection method and closed-loop speed control of nine-phase BLDC 

motor has been done. Based on the back-EMF sequence produced in the stator winding phases the 

rotor position of the motor equally monitored as using sensor. using back-EMF waveform 

sequence produced nine-phases BLDC motor, switching sequence of nine-phase VSI gates has 

been controlled effectively. This method is feasible due to the unique and simplified structure of 

BLDC motor. The principle of sensorless control using back-EMF method for BLDC motor are 

also elaborated. Nine-phase BLDC motor and nine-phase voltage source inverter has been modeled 

and simulated with the help of MATLAB/Simulink software.  

In this work, for speed control of the motor PI controller is implemented and simulated. The result 

of speed controller has shown good performance with no-load condition and with load conditions. 

where the simulated results shown that the raising time is 0.01sec before adding the PI control. 

After, PI controller added the rising time of the speed response enhanced to 0.0026sec and the 

settling time of the speed response becomes to 0.005sec. The transient response oscillation time is 

very short which is less than 0.005sec. From the simulated result, one can observe that the PI speed 

controller shown effective result. Hence, this work can be applied areas such as electrical air 

conditioner controller, electric vehicles drive and industrial drive applications.  

6.2 Recommendation  

In this work, it is believed that there are a lot of ideas for further research studies. Some possible 

directions are the following: 

• Sensorless vector control can be needed for high and precise application of the 

motor because using that method we can even now the very low and stand still 

position of the motor. 
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• If high performance initial rotor estimation technique is applied or good 

performance of open loop motor starting is applied for switching to closed loop.  

• If the appropriate parameter identification is done for the motor for appropriate 

operation of the closed loop. 

• If intelligent estimation and control technique apply, the system performance can 

be improved. 
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Appendix 

Appendix A- MATLAB Simulink model block  

 

Fig. a) General Simulink model of nine-phase BLDC motor drive 
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Fig. b) the nine-phase electrical modeling of the motor 
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Fig. c) Mechanical torque equation Simulink block of the motor 

 

Fig. d) The nine-phase Back-EMF calculation Simulink block 
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Fig. e) Simulink model of electrical torque produced by the motor  
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Fig. f) Simulink model of eighteen-step nine phase invertor function block 
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                     Fig. g ) Simulink model of  eighteen-step pulse generator function Simulink block 
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Fig. h) the overall closed loop PI Control Simulink block 

 

 

                                

Fig. i) Expanded closed-loop PI Control Simulink model block 
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Appendix-B MATLAB codes used in the paper  

A)  Parameters of the of the model  

Nphaseparas.m 

% The parameters of the BLDC Motor 

R=0.7;            % Resistance of the stator winding  

L=0.00052;        % elf Inductance of the stator winding  

M=0.00021;        % mutual Inductance of the stator winding  

J=0.00025;        %Inertia of the motor (kg.m2) 

B=0.00005;        %Friction constant 

ke=0.0175;        % Back-EMF constant in(V/rpm)  

kt=1.0;           %Torque constant (Nm/A) 

p=2;              % Magnetic poles of the PM  

TL=4;             % load torque in Nm 

Vdc=300;          % Dc voltage source 

And evaluated parameters  

Nevaluatedparas.m 

% 

% Start code  

% Evaluated constants para not give 

% 

Nphaseparas  

te=L/(8*R);    % In the case of BLDC motor each time 8 phase is contributed  

tm=(8*R*J)/(ke*kt); % similarly 8 phase is active and one phase turned off 

% 

% End code  

B)  Back-EMF sequence to eighteen-pulse generator MATLAB function used for 1600 operating mode in 

the paper  

emfL.m 

% Back-EMF sequence to eighteen-pulse generator 

function y=emfE(u) 
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if(u>-180)&&(u<=-160) 

    y=[-1;1;1;1;1;0;-1;-1;-1]; 

elseif(u>-160)&&(u<=-140) 

    y=[-1;0;1;1;1;1;-1;-1;-1]; 

elseif(u>-140)&&(u<=-120) 

    y=[-1;-1;1;1;1;1;0;-1;-1]; 

elseif(u>-120)&&(u<=-100) 

    y=[-1;-1;0;1;1;1;1;-1;-1]; 

elseif(u>-100)&&(u<=-80) 

    y=[-1;-1;-1;1;1;1;1;0;-1]; 

elseif(u>-80)&&(u<=-60) 

    y=[-1;-1;-1;0;1;1;1;1;-1]; 

elseif(u>-60)&&(u<=-40) 

    y=[-1;-1;-1;-1;1;1;1;1;0]; 

elseif(u>-40)&&(u<=-20) 

    y=[-1;-1;-1;-1;0;1;1;1;1]; 

elseif(u>-20)&&(u<=0) 

    y=[0;-1;-1;-1;-1;1;1;1;1]; 

elseif(u>0)&&(u<=20) 

    y=[1;-1;-1;-1;-1;0;1;1;1]; 

elseif(u>20)&&(u<=40) 

    y=[1;0;-1;-1;-1;-1;1;1;1]; 

elseif(u>40)&&(u<=60) 

    y=[1;1;-1;-1;-1;-1;0;1;1]; 

elseif(u>60)&&(u<=80) 

    y=[1;1;0;-1;-1;-1;-1;1;1]; 

elseif(u>80)&&(u<=100) 

    y=[1;1;1;-1;-1;-1;-1;0;1]; 

elseif(u>100)&&(u<=120) 

    y=[1;1;1;0;-1;-1;-1;-1;1]; 

elseif(u>120)&&(u<=140) 

    y=[1;1;1;1;-1;-1;-1;-1;0]; 

elseif(u>140)&&(u<=160) 

    y=[1;1;1;1;0;-1;-1;-1;-1]; 

elseif(u>160)&&(u<=180) 

    y=[0;1;1;1;1;-1;-1;-1;-1]; 

end 

     

Open loop simulation for speed control and different stability checking code used  

% This the S-domain analysis or step response of Nine phase macchine  

% Start code  

close all; 

clear all; 
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clc 

% include all costants parametrs   

Nphaseparas 

% include evaluated constants  

Nevaluatedparas 

% Transfer function  

G=tf([1/ke],[te*tm tm 1]) 

% Plots the step response diagram 

figure; 

step(G,1); 

title('open loop step response diagram'); 

xlabel('time in [s]'); 

ylabel('The openloop responce'); 

grid on;  
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