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ABSTRACT

Bhasagare, Mayuresh P. M.S.E.C.E, Purdue University, May 2015. Three-Phase Mul-
tilevel Solar Inverter for Motor Drive System. Major Professor: Euzeli dos Santos
Jr.

This thesis deals with three phase inverters and the different control strategies that

can be associated with an inverter being used together. The first part of this thesis

discusses the present research in the fields of PV panels, motor drive systems and

three phase inverters along with their control. This control includes various strategies

like MPPT, Volts-Hertz and modulation index compensation. Incorporating these

techniques together is the goal of this thesis. A new topology for operating an open

end motor drive system has also been discusses, where a boost converter and a flyback

converter have been used in cascade to run a three phase motor. The main advantage

of this is increasing the number of levels and improving the quality of the output

voltage, not to mention a few other benefits of having the proposed circuit. A new

algorithm has also been designed for starting and stopping the motor, which controls

the current drawn from the power source during starting.
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1. INTRODUCTION AND STATE OF THE ART

1.1 Introduction

Electric energy, being a big problem in many countries has become a wide subject

for research, especially in finding various alternatives to non-renewable sources of

energy. Solar energy is one such unlimited source of energy, which if tapped to its

full potential will eliminate energy crisis in most places in the world. It has been

the fastest growing source of energy in the past few years, especially in the field of

electricity generation [3]. In the past 15 years, the demand of photovoltaic energy

has increased by 25%, while the cost of PV has reduced by 4% [2],[3]. It is implied

that this demand is going to increase in the future.

Photovoltaic panels consists of cells made up of semiconducting material. The

photons absorbed by these cells from the solar energy exciting the electrons from

their atoms, causing the flow of electrons, thus generating electricity. The electricity

generated heavily depends on the amount of energy available at the solar cells. To

maximise this energy, the panels need to be aligned in a particular direction. This

direction can be known by checking the location and the local time of sunrise and

sunset at a particular place. The direction is called as True south [4]. This will ensure

that the panels are extracting maximum available energy during the day without

having to change its orientation.

Owing to the growing implementation of photovoltaic energy, it is imperative

that maximum energy is used out of it. This can be achieved with the help of

power electronics. Photovoltaic cells will act as a source of DC voltage, which can

be converted into various types of voltage using power electronic converters. Lower

DC voltages can be converted to higher levels by the use of boost converter, flyback

converters, buck-boost converters [7].
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With the advent of more efficient power electronic inverter topologies like NPC

and ANPC topologies [5], DC to three phase AC conversion has become simpler and

more effective while the topologies talked about in [6] are proven methods for single

phase AC to three phase AC conversion. While converting from DC to three phase

AC, the quality of the AC waveforms depends a lot on the number of waveforms.

A conventional three phase inverter is expected to give an output with lower levels

while advanced and cascaded topologies are known to give multiple levels in the AC

voltage thus reducing the harmonic distortion. These are talked about extensively in

[8-13].

The goal of my research is to explore ways in which the available solar energy

can be harnessed for daily purposes, especially in places which do not lie in close

proximity to energy grids.

Fig. 1.1. I-V curve for a PV panel

The thesis talks about using solar energy to run a 3 phase motor. For this to be

achieved, two things are of prime importance. Firstly, so as to operate the motor at

maximum torque per ampere, its flux has to be kept at its rated value [1]. This will be
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taken care of by Volts-Hertz method where the flux is kept constant by keeping voltage

to frequency ratio constant. Irrespective of the input coming from the solar panels,

when the input voltage is sufficient enough to run the motor at its rated conditions,

the average value of the voltage applied to the motor should be maintained constant

at its rated condition. This can be done by implementing the modulation index

compensation method. In case of below rated and above rated condition operation,

the above two methods are very essential in order to avoid overheating or premature

stopping of motor. Secondly, a solar panel source has an I-V curve or a P-V curve,

shown in Fig. 1.1 and Fig. 1.2. However, energy will not be used at its optimum rate

if maximum power is not drawn from it. As a result, Maximum Power Point Tracking

becomes equally important.

Fig. 1.2. P-V curve for a PV panel

In order to obtain sufficient voltage, 6 solar panels of 140 W are needed. These

6 solar panels can be connected in series, 2 of them dedicated to nourishing a part

of their energy to power up the microcontroller and power electronic devices. Thus

the remaining energy from these 2 panels and the output of the other 4 panels will
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act as the usable source for power conversion. Because of the series connection, the

total input voltage will be the sum of the voltages of the panels, while the current

will remain constant.

This thesis has been organised in the following manner. The latter part of this

chapter deals with the state of the art. Chapter 2 deals with the implementation

methods. They are MPPT and Volts-Hertz method. The third chapter discusses

a multilevel solar inverter for an open end winding motor drive system which will

explain a new multilevel topology for a motor. Fourth chapter enlists the hardware

setup implementing a 3 phase solar inverter with MPPT, Volts-Hertz and modulation

index compensation techniques. In the next chapter, the hardware and simulation

results can be seen, with the last chapter throwing light on the conclusion of the

experimental and simulation results.

1.2 State of the Art

1.2.1 Control Strategies for PV

A lot of research has been already done on control strategies for PV panels. Fig. 3

shows the classification with a few of the most commonly used strategies. PV panels

are essentially current sources being controlled according to the design [16]. The data

in [14] talks about nonlinear control strategy for PV generator systems for controlling

the grid frequency and voltage. It gives a good solution for frequency control using

the DC-DC boost converter and voltage control in DC-AC converter. In [15], there is

an extensive description for voltage and frequency regulation combined with MPPT.

In order to control all these parameters in the system, a controller needs to be present

[17-23]. This can be either a microcontroller or any supervisory control system.

Being an irregular source of energy, it can be unreliable at times. However strate-

gies have been generated to compensate for this disadvantage. This includes using

batteries to make up for a lower voltage [24-28] and charging these batteries when no

load is connected across the system. These batteries can also be used as substitutes
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Fig. 1.3. Control of PV Panels

when there are grid interruptions [29-30]. Even with these batteries, control has been

designed so as to achieve MPPT when charging with PV panels. [31] describes how

that is achieved with the help of Perturb and Observe method for MPPT, which

controls the duty cycle for the DC to DC converter. Maximum power point track-

ing (MPPT) is also an important tracking technique required to extract maximum

possible power from the PV panel. Various strategies like Beta method, IC method,

Perturb and Observe method have been explored [33] and studies have proved that

Beta method is the best method when it comes to power point tracking [32]. Grid

connection for Solar inverters has been regarded highly in the field of research, even

a half bridge converter can be used for that [68].

As seen above, extensive research has been done in control and a mixture of these

techniques have been implemented in this thesis.

1.2.2 Three-Phase Motor Drive System

Three phase motors have had numerous applications in various fields. Being ro-

bust, they have been apt for use in industries. Subsequently, a lot of research has

been done to improve the efficiency of the motors and there have been a lot of tweaks
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in designs to suit the motor for a particular application. Motors have been designed

for high speed, low speed, medium speed and even variable speed applications.

A few vehicles use power grids to charge their batteries. But means have been

found to use a motor to charge the batteries in traction application [34]. It states how

3 phase motors can be used for operation in multiple modes, one where it operates as

a 3 phase motor and the other mode where it acts as an isolating transformer which

gives 3 phase voltage to the inverter to charge batteries. Variable speed 3 phase mo-

tors have been used for traction applications in various kinds, that is, as a 3 phase

motor and even as a single phase motor as described in [35]. Motor drive system

configuration to be used in an electric vehicle to drive the vehicle and their lifetime

reliability has been talked about in [36]. One third of the electrical energy consump-

tion being residential consumers, motors are involved in residential applications as

well. Motor drive systems are known to be used in residences for washing machines

and other similar applications [37] efficiently, while reducing cost of production by

using a buck-boost technique to control the output voltage and also reducing the

complexity of the circuit simultaneously.

Since this thesis talks about PV energy being harnessed for motor use, its primary

need will be in farming in areas where electricity is not easily available. The main

application there will be pumps. Research has been done on this application as well.

[38] talks about the use of PV cells to run a Switch Reluctance Motor for pump ap-

plications. It describes this application in different modes where the motor can run

and even a battery can be charged in different modes. A cascaded configuration can

also be used in the inverter for a better quality 3 phase voltage [39], along with the

application of MPPT and Volts-Hertz control incorporated.

1.2.3 Three Phase Inverter

With the advent of power electronic devices, a lot of new configurations have been

designed for power conversion, be it DC to DC or AC to AC or AC to DC or DC to
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AC. Three phase inverters have been widely used DC to 3 phase AC conversions. A

lot of topologies have been developed only in the area of inverters. A three phase load

can be supplied by 3 separate H-bridge inverters [41]. PWM strategy for that will

differ and another disadvantage of this is that more number of switches will be needed.

A conventional 3 phase inverter can be used along with other DC to DC converters

successfully [40], thus using different control strategies together. A coupled inductor

inverter [45] gives a very high level 3 phase output, thus improving the quality of the

waveform.

Fig. 1.4. A conventional Three-Phase Inverter

Waveform quality can also be improved by using cascaded configurations [42-43].

The number of levels can be increased by adding more inverters, which is in cascaded

connection. In case of a motor application, an open winding motor can be used so as

to use 2 inverters with their pole voltages appearing across the 6 ends of the windings

[44]. Chapter 3 discusses this in detail.
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2. VOLTS - HERTZ AND MPPT CONTROL STRATEGIES

2.1 Volts - Hertz Method

The Volts-Hertz method is essentially used for variable frequency drives where the

voltage and frequency are adjusted so as to run the motor efficiently with the rated

flux [46], [47]. This ensures maximum torque per ampere [1]. It was the first method

in the history of inductions motors to operate them without losses [54]. Its major

application has been in variable frequency drives, the motor has to run at different

frequencies at different points of operation. Increasing quality of solid state inverters

has only caused this method to be used widely in variable speed drives [55-57]. Re-

search done in [53] shows how Volts-Hertz method can be used to ensure high output

torque and close to zero steady state speed error for low speed applications at any

frequency.

However, here it is not used for the same purpose. The voltage available from

the PV panel at times may not be sufficient to run the motor at its rated value. To

guarantee that the motor is being operated at its maximum possible torque for that

particular current, Volts-Hertz comes handy.

In this implementation, when the motor is being operated at voltages lower than

its rated value, an equation has been used to define the frequency of the reference

voltages of the PWM signals applied to the inverter. The rated values of the motor

being used are 60 Hz and 120Vrms or approximately 170 V peak. When operating the

motor below 120Vrms, the frequency needs to be adjusted accordingly. Thus when

the motor is operating at 60Vrms, the frequency should be kept constant at 30 Hz,

so the ratio remains constant as in equation 2.1.

Vrated
Frated

=
170

60
= 2.83 (2.1)
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2.1.1 Implementation

Fig. 2.1. Volts - Hertz strategy

Fig. 2.1 shows the references for frequency being used for the operation of the

motor at voltage values lower than its rated condition. This operation should take

place only when the voltage is between 20V and 170V. If the voltage applied to the

motor is below 20 V, the motor should not run. The DC link voltage of the inverter is

sensed and sent to the dsPIC33FJ64MC802 in order to define the frequency for PWM

signals in the low voltage operation. Since the dsPIC can only sense voltages upto

3.3V, the DC link voltage needs to be scaled from the higher value to a smaller one.

Assuming that the DC link voltage can reach a maximum of 350 V, with the design

of the panels and duty cycle of the boost converter via MPPT, voltage dividers were

designed to scale that voltage down to 3.3 V using the formula in equation 2.2.

Vdcread = Vdc
R2

R1 +R2

(2.2)

The voltage sensed by the dsPIC is scaled to another value. It appears to convert

the read values into numbers between 0 and 1023. The maximum value read by
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the dsPIC, 3.3 V, is interpreted as 1023, while 0 V is read as 0. This relationship

is linear. Thus, another equation is needed to convert the read value to the actual

voltage arriving at the particular pin of the dsPIC and then rescaling it to the DC

link voltage using the reverse of the above equation. All these conversions of voltages

have been done in code for the dsPIC.

Knowing the rated value of the motor as 120Vrms and its rated frequency as 60Hz,

we know that the ratio of V/f has to be 3.4. Thus the voltage read will define the

frequency of the reference voltage used for PWM as shown in equation 2.3-2.5.

F =
Vdcread
2.83

(2.3)

theta = theta+ 2πFh (2.4)

In equation 2.4, h is the step size and theta is the angle defining the sinusoidal

waveform.

Varef =
Vdcmasin(theta)

2
(2.5)

Similarly, the reference voltages can be defined for the PWM of the other 2 phases.

Thus this implementation makes sure that the voltage to frequency ratio remains

constant, maintaining the flux at its rated value.

2.2 MPPT

In order to extract maximum energy from the PV panel, there has to be a certainty

of operating the panel at maximum possible power. There are various techniques

which can be used to implement MPPT[48-51]. Some of the being PO method, CV

method, IC method and Beta method. Even though the analysis in [49] infers that

the Beta method is the most efficient, it needs to know the exact electrical parameters

of the PV panel, which does not allow it to be generalised for any panel. As a result,

the PO method is being preferred here since it does not require any knowledge about

the parameters of the panel.
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Fig. 2.2. Perturb and Observe algorithm

The PO method needs the knowledge of the current and the voltage coming from

the panel. This method basically ensures Maximum power point operation by con-

stantly comparing the present value of power with the previous value and adjusting

the voltage extracted from the PV panel. Thus, if the power is increasing, the change

in voltage should continue until the power measures becomes lesser than its previous

value. Thus there will be a change in the direction of voltage variation, which will

again increase power. The Fig. 2.2 shows the algorithm used for perturb and observe

method.
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2.2.1 Implementation

The algorithm in Fig. 2.2 was converted into a C code and programmed on the

dsPIC33FJ64MC802 with current and voltage being sensed by the dsPIC with the

help of a current sensor and a voltage regulator being present on the circuit. This

implementation ensures that the panel is operating at its maximum power rating at

all times, irrespective of the type or rating of the PV panel which was a problem in

some of the other MPPT methods [49].

Just like in Volts-Hertz, the input voltage level would be too high for the dsPIC

and as a result it will have to be converted to a smaller value with the maximum

achievable voltage from the solar being converted to 3.3V for the dsPIC to be read.

For this, another voltage divider was used. Since the maximum possible voltage

available from 6 panels is 126 V, a voltage divider was designed to convert 126 V to

3.3 V.

A current sensor has been used to sense the value of the current. The current

sensor used is capable of sensing currents up to 10 A. If the current flowing through

it is 0A, the output of the current sensor would be 1.5 V. As current increases, the

output voltage of the current sensor reduces from 1.5 V with a scale of 0.132V/A.

Since these voltage levels are very small, a first order low pass filter was used so

as to eliminate the high frequency components created by noise or EMI in the circuit.

Perturb and Observe method was implemented using the algorithm in Fig. 2.2 to

guarantee Maximum Power Point Tracking.
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3. THREE-PHASE SOLAR INVERTER FOR OPEN-END

MOTOR DRIVE SYSTEM

3.1 Introduction

Among the many applications of photovoltaic energy, pumping is one of the most

promising especially in either rural or remote areas where the electrical grid is not

available [58]. In a photovoltaic pump-storage system, solar energy is stored, when

sunlight is available, as potential energy in a water reservoir and consumed according

to demand.

Most of the power electronics configurations employed in a three-phase induction

motor-pump system is constituted by a DC-DC converter at the first stage while a

DC-AC inverter is used to feed the induction motor [59]. The maximum power point

tracker (MPPT) is of the solar panels is guaranteed by the DC-DC converter [60-61].

Different topologies have been explored in the technical literature to implement

the DC-AC converter in photovoltaic applications, which includes multilevel convert-

ers cite three papers of multilevel converters applied in PV systems. Among the

multilevel topologies, the open-end-winding (OEW) converters has some advantages

in comparison with other multilevel topologies, such as: i) power switches with lower

voltage level, ii) reduced harmonic distortion and iii) reduced converter losses.

This chapter proposes the topology presented in Fig. 3.1, which is constituted of

two three-phase inverters series connected to an open-end motor drive system. Each

inverter is connected to a set of solar panels through dc-dc converters. While the

Inverter 1 is connected to a non-isolated conventional boost converter, Inverter 2 is

attached to an isolated fly-back topology.

The fly-back converter eliminates any circulating current and brings the benefit

of having a voltage vC2 independent of vC1, which will be explored to increase the
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Fig. 3.1. (a) Proposed motor drive system. (b) Conventional three-
phase motor drive system.

number of levels applied to each phase of the motor. The main advantages of the

proposed configuration as compared to the conventional one in Fig. 3.1(b) are: 1)

better quality of the motor phase voltage; 2) dc-dc converter operating with con-

version ratio, which reduces the stress over the power switch; and 3) lower dc-link

capacitor losses.
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3.2 DC-DC Conversion Units

The function of both boost and fly-back converters on the proposed topology [see

Fig. 3.1(a)] is to guarantee maximum power point operation with a P and O MPPT

strategy [64] as well as to increase the number of levels of the voltage applied to the

motor [63].

The boost converter is chosen to implement the MPPT while the fly-back topology

feeds Inverter 2 with double of the voltage of Inverter 1. Although the roles of both

converters could be switched, the implementation as described previously increases

the efficiency of the dc-dc conversion stages by avoiding high duty cycle operations.

Notice that the input-output voltage ratio for the boost and fly-back converters are

given respectively by:
vC1

VPV

=
1

1 −Db

(3.1)

vC2

VPV

= N
Df

1 −Df

(3.2)

where Db, Df and N are the duty cycle of the boost converter, duty cycle of the

fly-back converter and the high-frequency transformer ratio, respectively.

3.3 Open-end Motor drive system

The conduction state of all power switches will be represented by homonymous

binary variables and q1, q2, q3, q4, q5, and q6, where qj = 1 indicates a closed switch

while qj = 0 means open switch with j=1,2,3 and 4. The pair of switches qj − q̄j

is complementary, i.e., q̄j = 1 − qj. Notice that the pole voltages can be written

as a function of the state of the switches, as following for the inverters 1 and 2,

respectively:

v101 = (2q1 − 1)
vc1
2

(3.3)

v201 = (2q2 − 1)
vc1
2

(3.4)

v301 = (2q3 − 1)
vc1
2

(3.5)
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v402 = (2q4 − 1)
vc2
2

(3.6)

v502 = (2q5 − 1)
vc2
2

(3.7)

v602 = (2q6 − 1)
vc2
2

(3.8)

A model of the open-end motor drive system presented in Fig. 3.1(a) can be obtained

in term of pole voltages as following:

v1 = v101 − v402 − v021 (3.9)

v2 = v201 − v502 − v021 (3.10)

v3 = v301 − v602 − v021 (3.11)

Assuming a balanced case with v1 + v2 + v3 = 0 and i1 + i2 + i3 = 0, the voltage v021

is giving by:

v021 =
1

3

3∑
i=1

vi01 −
1

3

6∑
j=4

vj02 (3.12)

3.4 Control Strategy

Fig. 3.2 shows the block diagram for the control strategy applied to the proposed

configuration. The MPPT strategy is a Perturb Observe scheme as done in [62].

While the voltage (VPV ) and current (IPV ) are the inputs of the MPPT block, its

output is the boost duty cycle (Db). Notice that the voltage vC1, the output voltage

of the boost, will be a function of Db. To guarantee a higher number of levels applied

to the phases of the three-phase machine the fly-back topology will be controlled to

assure that vC2 = vC1. Also, the fly-back converter isolates the machine terminals 123

from 456, which eliminates any circulating current due to the open-end arrangement.

Since the input voltage of both inverters (vC1 and vC2) are a function of the MPPT,

the control of the three-phase induction machine is implemented with the Volts/Hertz

strategy to assure rated flux. The output of the Volts-Hertz/ma compensation block
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will define the reference voltages applied to the PWM block. The two inverters will

generate a high quality output voltage.

If the DC link voltages are sufficient to run the motor at its rated value or more

than that, then the modulation index compensation strategy comes into picture. The

RMS value of the voltage across the phase of the motor depends upon the modulation

index of PWM carriers. At modulation index 1, the RMS value of voltage across the

phase of the motor will be at its maximum for those particular DC link voltages. If

the modulation index is reduced, the RMS voltage across the phase reduces. This

concept can be used to restrict the voltage across the phase at its rated value in the

operating conditions wherein the input voltage has the capability of operating the

motor at voltage values higher than its rated conditions. While Volts-Hertz strategy

is being used for below rated conditions, the frequency of the motor operation is

below its rated value as well. When the motor is running in the modulation index

compensation mode, the frequency however, will be kept constant at its rated value.

Fig. 3.2. Control scheme block diagram

3.5 PWM Strategy

The PWM strategy used for controlling the switches of the inverter hugely influ-

ences the quality of output voltage across the load. Harmonics can be reduced by
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cascading the inverter configurations and also differing the voltage applied through

these inverters to the load [66]. A variety of PWM strategies have been studied for

different topologies for inverters in [65-66].

This application will use two different triangular waves with level shift strategy

as illustrated in Fig. 3.3.

Fig. 3.3. PWM Strategy

Vt1 and Vs define the PWM signals for Inverter 1, specifically for switch q1. Vt2

and Vs define the PWM signals for the Inverter 2, particularly q̄6. PWM signals for

the switches in the other phases by simply phase shifting the sinusoidal wave by 120

degrees.

3.6 Start-up and stopping procedure

The starting current of an induction motor can reach as high as 6 to 7 times

the rated value of the motor. Different methods or starting an induction motor are

discussed in [67], along with their problems. In order to reduce the starting current

of the motor here, the modulation index increment method can be used. As the

modulation index directly controls the output voltage of the inverter, if it is increased

gradually, the voltages across the phases of the motor will be increasing in a similar

proportional manner, thus guarantying soft starting.
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Fig. 3.4. Proposed circuit with starting and stopping control

Control of the motor can come from a separate switch altogether. The proposed

algorithm uses this switch to choose the mode of operation. A very high value re-

sistance along with a switch in parallel with the DC link capacitor is also needed so

as to restrict the current to a low value when the external switch for motor is OFF.

As a result, when the motor control switch for motor is OFF, the top switches of the

inverter can be turned off, thus isolating the motor from the circuit. The resistance

switch will the turned ON, making the resistor act as the load, keeping the current

drawn from the panel small, which otherwise would be open circuited. If the switch

were to be turned ON without that resistance, it would draw a huge current from

the PV panels, thus shooting up the voltage of the boost inductors due to the high

starting current requirement. Having the resistance in the circuit avoids that sudden

huge current extraction from the panel.
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Fig. 3.5. Start-up procedure

Now in order to control the starting current of the motor, the voltage applied

to the motor can be gradually increased by increasing the modulation index for the

PWM applied to the inverter. This can act as a soft starter with the control of mod-

ulation. While the modulation index is being increased from 0.1 to 1, the resistance

will still be connected in the circuit until modulation index becomes 1. This ensures

low current in the circuit during the starting of the motor. Once modulation index
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becomes 1, the motor will be the only load connected to the PV panel since the switch

in series with the dissipation resistance will be turned OFF.

A similar strategy can be used to stopping the motor. When the motor switch is

turned OFF, the same procedure can be followed in the reverse order, thus turning

ON the dissipating resistance while the motor is still connected in the circuit with the

modulation index reducing from 1 to 0. What this does is there is no sudden drop in

the current in the circuit. Once the modulation index becomes 0, all the top inverter

switches can be turned ON, making the lower switches OFF, thus disconnecting the

motor from the circuit.

Also, there needs to be a lower limit of voltage for the operation of the motor.

Below that lower limit voltage across the DC link capacitor, the PWM for the motor

wont turn ON even if the switch for motor is ON. The modes of operation of this

circuit can be seen explicitly in Fig. 3.6.

Fig. 3.6. Modes of operation of circuit based on voltage level
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Fig. 3.7. Output voltage and current for proposed circuit

Fig. 3.8. Output voltage and current for conventional inverter

3.7 Comparison between conventional and proposed system

The number of levels of voltage obtained from the proposed system is 10, twice

as much as the number of levels obtained from the conventional configuration. It is

clearly observed that the quality of the waveforms has increased and is much closer to

a sinusoidal wave. In technical terms, the THD for these voltages was obtained from

the PSIM, the THD being 69% for the conventional configuration voltage, while it is

39% for the proposed configuration. This THD can be further reduced by the use of

advanced PWM techniques.
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The difference is also in the amplitude of the voltages. The voltage in Fig. 3.7

has an amplitude of 133 V, when vc1 and vc2 are 100 V. This can also be analysed

using equations 9, 10 and 11. However in Fig. 3.8, the amplitude is 66.66 V when

the DC link voltage is 100 V.
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4. EXPERIMENTAL SETUP

4.1 Introduction

The proposed circuit in chapter 3 is the new strategy for motor operation with

its windings open winded. The hardware setup was designed to test the conventional

three phase solar inverter to run a three phase motor incorporating MPPT, Volts-

Hertz, modulation index compensation and the start-up and stopping procedure in

the same circuit.

The set this hardware up, a set of power electronic designs were used. A total

of 6 panels were used to draw power from. Now in order to guarantee maximum

power being extracted from the PV panels, MPPT needs to be implemented. It was

done using the Perturb and Observe method, which defines the duty cycle of DC-DC

converter. The DC-DC converter used was the boost converter. The output of the

boost converter acts as the DC link voltage for the 3 phase voltage source inverter.

To control all these processes, a dsPIC33F64MC802 was used. It was programmed

using MPLab software in C language. A set of voltage regulators was used to convert

a higher voltage level to a lower one in order to power up the devices which needed

energy to run. A schematic of the circuit can be seen in Fig. 4.1.

4.2 Photovoltaic Panels

As mentioned previously, 6 photovoltaic panels were used, connected in series.

Each panel used was 140 W, with rated voltage and current as 21 V and 7 A. More

can be added in places where irradiance is lower. Due to the series connection, the

total input voltage from the panel goes up to 126 V. Since a few devices in the setup
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Fig. 4.1. Schematic of the hardware setup

like the dsPIC, Inverter and drivers need a power supply, lower voltage is needed. For

this very reason, voltage regulators are being used. The inverter and drivers require

15 V supply, while the dsPIC needs 3.3 V. This voltage is provided by using 3 voltage

regulators LM7824, LM 7815 and LM317.

Fig. 4.2. Panel connection

To arrange for this lower voltage, there is an additional voltage coming from the

PV panels as shown in Fig. 4.2. The positive of PV 2 has 2 connections, one going

to the negative of PV 3 and the other going to the input LM7824 regulator. LM7824

has the capability of converting voltage to 24 V. The output of LM7824 is given to

the input of LM7815, which returns a 15 V signal. This is sent to the inverter and

drivers. It also goes to the input of LM 317, which is designed to give the output
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as 3.2 V. This voltage is sent as an input to the dsPIC. It is also the supply for the

current sensor.

Thus, VIN1 is the input for voltage regulators and VIN2 is the input voltage applied

to the DC-DC Boost converter.

4.3 DC-DC Boost converter

DC-DC Boost converter in this circuit has been used for two purposes. Firstly to

ensure that the panel is operated at its maximum power. The Perturb and Observe

method for MPPT defines the duty cycle for the switch in the boost converter. Its

second purpose is to boost the voltage to a higher value. A typical boost converter

circuit is as in Fig. 4.3.

Fig. 4.3. Boost converter

This circuit boosts the input DC voltage to a higher value depending on the duty

cycle of the switch S. In this implementation, a MosFET is preferred to be used as

the switch due to their high switching speed capability.

The operation of this converter can be explained by Fig. 4.4 and Fig. 4.5. In Fig.

4.4, when the switch is closed, the inductor starts storing energy and the capacitor

discharges to supply energy to the load. In Fig. 4.5, when the switch is open, the

charged inductor releases its energy and adds to the energy from the input, which in

turn charges the capacitor and supplies sufficient voltage.

The switch closes again to charge the inductor, this is a continuous fast process

which results in the capacitor always staying charged at a value higher than the input
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Fig. 4.4. Boost converter switch ON

Fig. 4.5. Boost converter switch ON

voltage. This output voltage heavily on the duty cycle of the switch. The higher the

duty cycle, the higher will be the output voltage. Equation 4.1 gives the equation for

boost.

V0 =
VIN

1 −Db

(4.1)

4.4 Three-Phase Inverter

A conventional three phase inverter has been used in this hardware implementa-

tion. The PWM signals sent to the inverter give a five level phase to ground output

or a three level phase to phase voltage. Instead of using six switches as shown in Fig.

4.6, a power electronic device named IRAMX20UP60A which acts like a conventional

three phase inverter. It has a capability of handling 600V and 20 A. A 15 V voltage

supply is required to turn it ON. This supply is obtained from LM7815. The PWM

signals sent to the inverter come from the dsPIC.
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Fig. 4.6. Conventional three-phase nverter

4.5 dsPIC controller and associated drivers

A lot of different processes need to be controlled at the same time. These processes

range from computing the duty cycle of the boost using MPPT algorithm, generating

PWM signals for the inverter, controlling other switches and relays in the circuit and

determining the mode of operation of the circuit. To carry out these processes and

functions, the hardware needs a brain. A dsPIC33FJ64MC802 has the capability of

handling all these processes.

This dsPIC is 16 bit digital signal controller with motor control PWM and ad-

vanced analog conversion. It has 28 pins, out of which 21 pins are I/O pins. This

dsPIC requires a voltage supply between 3 V and 3.6 V, which is provided by LM317.

It has 2 PWM registers, one of them having the capability of generating 3 PWMs,

that is 6 PWM signals. These are sent to the inverter. The second register has been

used to generate the duty cycle for the boost converter. Thus, it has in all 8 PWM

pins. Other I/O pins have a multifunctional capabilities and they can be run as per

the requirements. Here, three of them are used to sense the input voltage, output

voltage and input current. Another pin is used as an output pin to turn switch con-

nected to the dissipation resistance ON and OFF.
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The signals sent out from the dsPIC will only have a voltage level of 3V. Since the

MOSFETS and relay need a higher voltage to turn ON, a non-inverting driver has

been used. These drivers are MIC4422ZT. The signals coming from the dsPIC are

sent to the input of the drivers. VCC of the drivers are connected to the output of

LM7815, which makes VCC 15 V. Thus, when signal at the input of the driver is 3 V,

it gives an output signal of 15 V and when the input to the driver is 0 V, the drivers

output is 0 V. The PWM signals sent to the inverter do not need the drivers, the

inverter can work with 3 V signals. However, the MOSFETS and relay need higher

voltage. As a result, three drivers have been used for the same.
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5. EXPERIMENTAL RESULTS

5.1 Introduction

The hardware was set up as described in chapter 3. Since it was not possible to

capture results when connected with the solar panels, pictorial results were gathered

with voltage sources by keeping the duty cycle of the boost converter constant. Results

were also gathered with the PV panels as the input, however those were noted down

using a multimeter.

To give input without the solar panels, two variable DC sources were used. One

of them was connected to VIN1. This DC source was kept constant at 26 V. This

was supplying voltage for the voltage regulators. The other DC source was connected

to VIN2. Voltage applied through this DC source was varied continuously so as to

obtain results. This chapter discusses the results obtained from this setup and also

the setup with panels.

5.2 Results with DC sources

When two variable DC sources were used as explained above, only one thing

needed to be done to run it. It was adjusting the duty cycle of the boost converter.

This is because if there were PV panels, the MPPT algorithms would define that duty

cycle. However with the variable DC sources, the MPPT algorithm would not work.

Hence the duty cycle needs to be defined prior to the operation of the motor.

One observation about the mode of operation of the boost converter was that

when the motor control switch was ON, the inverter was receiving PWM signals from

the dsPIC and the motor was connected to the circuit. The boost converter was

operating in continuous conduction mode irrespective of the duty cycle set for the
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boost converter. However when that switch was OFF, the inverter gets open circuited

isolating the motor from the circuit. A high value resistance is then connected as a

load in this mode of operation. As a result of this, the value of the current drops

and the boost converter goes into discontinuous mode of operation. This causes the

output voltage of the boost converter to be tripled or quadrupled even for a duty

cycle of 0.5 when the input voltage should ideally be doubled as per equation 4.1. To

avoid this high voltage, the duty cycle of the boost converter needs to be set to 0.1

so the voltage level across the output does not go beyond control.

Fig. 5.1. Continunous conduction mode operation.

Fig. 5.1 shows the waveforms collected when the motor control switch is ON. Plot

1 (yellow) is the gating signal to the switch in the boost converter. Plot (green) is the

voltage across the boost inductor. Plot 3 (purple) is the current flowing through the

inductor. During this operation, the duty cycle is set as 0.5, which can be seen from

plot 1 in Fig. 5.1. The voltage across the inductor (green) keeps fluctuating between

+20 V and -20 V due to its charging and discharging. Plot 3 (purple) shows the

inductor current. This current never goes to 0, thus operating the boost converter

in continuous conduction mode. At this point the output voltage will be a direct

function of the input voltage as per equation 4.1.
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Operation of the boost converter is shown in the Fig. 5.2. Plot 1(yellow) is the

gating signal to the switch in the boost converter. Plot 2 (green) is the voltage across

the boost inductor. Plot 3 (purple) is the current flowing through the inductor. When

the motor control switch is OFF, the PWM signals sent to the inverter are such that

the three switches on the top of each leg of the inverter are ON and the three switches

on the bottom of the three legs are OFF. Also the dissipation resistance is connected

in the circuit. The high value of this resistance restricts the current flowing through

the circuit to a very low value, thus operating the boost converter in discontinuous

mode. If the duty cycle is kept at 0.5, the output voltage is almost four times the

input voltage, which is dangerous for the capacitors connected across the DC link

voltage of the inverter. To reduce this voltage, duty cycle of 0.1 is set for boost con-

verter switch. The voltage only doubles at the most with this duty cycle.

This same problem can also occur when the PV panels are used instead of a DC

source. Hence the same procedure is followed after the motor control switch is turned

OFF. The duty cycle for the boost is not decided by MPPT algorithm anymore then

and is set constant at 0.1.

Fig. 5.2. Discontinunous conduction mode operation.
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5.2.1 Motor starting

Fig. 5.3. Starting procedure of the motor.

The starting current for the motor goes up to six to seven times the steady state

current. A current of this high magnitude, even for a short time can be potentially

damaging to the components in the circuit. To curtail this current, a start-up proce-

dure has been adopted which has been explained in detail in chapter 3.

As per this procedure, when the motor control switch is OFF, the switch con-

nected in series with the dissipation resistance must be ON. Also, the inverter must

get constant high signals of three switches. When the motor control switch is turned

ON, the modulation index is gradually increased to 1, thus slowly increasing the volt-

age applied to the motor. Only when the modulation index reaches 1, the dissipation

resistance should be disconnected from the circuit. The ramp for modulation index

increase was designed for 10 seconds to guarantee a very low starting current. It can

be seen from Fig. 5.3 that the dissipation resistance was connected for 10 seconds,

until the modulation index increased to 1 and then the switch turned off, disconnect-

ing the dissipation resistance from the circuit.

The start-up current can be seen in Fig. 5.4. Plot 1 (yellow) is the output voltage

of the boost converter. Plot 2 (green) is the input given to the boost converter. Plot
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3 (purple) is the current drawn from the DC source. When the motor control switch

is turned ON, there is a sharp increase in the current drawn from the source. This is

starting current is very low as compared to what it is without this start-up procedure.

There is also a small temporary drop in the voltage drawn from the DC source and

subsequently the output of the boost as well, however it reaches a steady value once

the starting current settles.

Fig. 5.4. Starting procedure of the motor.

5.2.2 Motor Stopping

When the motor control switch is turned OFF, the inverter should not suddenly

received constant PWM signals for its switches which would isolate the motor from

the circuit. This would cause an abrupt stopping for the motor. It would also sud-

denly drop the current in the boost converter circuit. This needs to be avoided. For

this purpose, a stopping procedure was developed and explained in chapter. It is

similar to the start-up procedure, but in the reverse order. When the motor control

switch is turned OFF, the signal to the switch connected in series with the dissipation
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resistance must go high. Instead of abruptly shorting the inverter, the modulation

index for the PWM signals must be decreased from 1 to 0 and then the PWM signals

sent should be a constant high or constant low, isolating the motor from the circuit.

A ramp equation was designed to reduce the modulation index for the PWM from

1 to 0 in 10 seconds, after which the motor should be isolated from the circuit. This

can be seen from Fig. 5.5. Plot 1 (yellow) is the PWM signals sent to one of the

switches. Plot 2 (green) is for the gating signal for the switch connected in series

with dissipation resistance. When the motor control switch is turned OFF, the gat-

ing signals for the dissipation resistance switch go high, but PWM signals are still

being generated on a constantly reducing modulation index. When the modulation

index becomes 0 after 10 seconds, the PWM signals become either a constant high or

a constant low, isolating the motor from the circuit.

Fig. 5.5. Starting procedure of the motor.
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Fig. 5.6. Output voltages and current.

5.2.3 Output voltages and currents

The plots for AC output voltages across the motor can be seen in the first two

plots of Fig. 5.6. It shows a line to line voltage with 3 levels. Phase to ground

voltage is however a 5 level voltage. The third plot in Fig. 5.6 shows the current

flowing through one of the phases. Thus the AC motor was run successfully using a

DC source to get the above results.

5.3 Results with PV panels

6 PV panels were connected in series as described in chapter 4. Fig. 5.7 shows

the panels being connected in series for the experiment.

Connections of 6 panels in series gave a total input voltage of 126 V. The mag-

nitude of the signal sent to the gate of the switch of the boost converter is 15 V.

With the test done previously with a DC source, voltage applied to the gate of that

switch shows approximately 7.5 V when a 50% duty cycle is applied to the switch.

This basically shows the average value of the signal applied. Now when this test with

PV panels was done, the voltage applied to the switch of the boost converter was
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Fig. 5.7. Panel connection.

seen to be fluctuating between 1.7 V and 3.1 V, which implies that the duty cycle

was varying between 11% and 21%, ensuring maximum power point operation. The

output of the boost converter was seen to be around 150 V.

The results gathered show that the system can work effectively to run the motor

with MPPT, Volts Hertz for below rated voltage conditions and modulation index

compensation methods for voltages higher than the rated values of the motor.
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6. CONCLUSION

The motor was successfully operated incorporating MPPT, Volts-Hertz and modu-

lation index compensation method such that the motor is always run at its optimal

condition. MPPT ensured that maximum power was always being extracted from the

PV panels. The Perturb and Observe method was used for maximum power point

tracking. To implement it, a boost converter was used, whose duty cycle was defined

by the MPPT algorithm. Operating the motor directly at a voltage lower than its

rated voltage would not give maximum torque per ampere. As a result, Volts-Hertz

method was implemented to adjust the frequency of operation of the motor as per

the voltage available for its operation. This method keeps the flux of the motor at

its rated value, certifying maximum torque per ampere operation. For voltage higher

than the rated value, operation of the motor needs to be done carefully. This is

because the motor tends to saturate if the voltage increases too much, thus drawing

more current to magnetize the circuit. To avoid this from happening, modulation

index compensation was used. Although the instantaneous voltage applied to the

voltage reaches a high value, the RMS value of the voltage applied to the motor can

be kept constant by adjusting the modulation index of the carriers defining the PWM

signals for the inverter. As the voltage increases above the rated value, modulation

index decreases from 1 depending upon the input voltage level to keep the RMS value

of the motor at its rated value.

Even though all the above processes worked well initially, there still was a problem

with respect to turning the motor ON and OFF irrespective of the presence of input

voltage. This problem was sorted by using a motor control switch which could turn

the motor ON and OFF whenever needed. Another issue which had to be tackled

once this switch was added was to control the current drawn from the source. A

sudden high current is never good for any circuit or its components. To solve it, an
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algorithm explained in chapter 3 was designed to start and stop the motor smoothly

and avoiding any damage to the components in the circuit. To start the motor, mod-

ulation index was increased from 0.1 to 1 over a period of 10 seconds so the voltage

applied gradually increases, which is the concept used in soft starting of a motor.

The starting current drawn source was subsidised immensely using this algorithm. A

similar method was used for stopping the motor, just that the modulation index was

decreased from 1 to 0, thus slowly reducing the voltage applied to the motor before

eventually turning it off. The dissipation resistance plays a very important in this

design for starting and stopping.

This implementation was done for a conventional inverter which gives a 5 level

phase to ground output voltage. The quality of the waveform is not as good as the

proposed topology in chapter three. The number of levels can be increased to twice

its present value by adding a flyback converter to the conventional inverter as a part

of cascaded operation. As inferred in chapter 3, it also proves that the quality of the

waveforms in terms of the THD is much better for the proposed circuit. The future

extension of this project can be adding the flyback converter to get a better quality

output voltage, operating the motor with better AC voltage.
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