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ABSTRACT

Electric drives for induction machines are of gregportance because of the popularity
of this machine type. To design, simulate and imget such drives, fast, reliable digital signal
processors are needed. Recently Field ProgramrzieArray (FPGA) has been used in
electric drive applications. This is mostly becaagaigher flexibility of hardware solutions
compared to software solutions.

In this thesis, FPGA-based simulation and implesu#om of direct torque control (DTC)
of induction motors are studied. DTC is simulatecaa FPGA as well as a personal computer.
Results prove the FPGA-based simulation to bertigdifaster. Also an experimental setup of
DTC is implemented using both FPGA and dSPACE. AlR&A-based design provides a
potential sampling frequency of 800 kHz. This israakthrough knowing that a low ripple DTC
is highly dependent on high sampling frequenci@slfy, a configurable torque/speed control

system is designed and implemented on dSPACE.
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CHAPTER 1. INTRODUCTION

Electromechanical energy conversion is popular inbsticause of its much higher
efficiency compared to heat engines (internal/@dlecombustion engines) and its clean, quiet
operation. To handle energy conversion by eleatiators, reliable electric drives with
satisfactory performance should be designed. Ity &ectric drives are extensively used in a
diverse set of engineering systems and applicatlnosn simple rotary or linear movements to
complicated ones, electric motors can be handledhbpus electric drive systems. Using
electric drives, position, speed and torque cacdmrolled. Depending on the application,
different DC or AC machines are used. Among varielestric motors, induction motors are
considered the most widespread in industrial emvrents. This is mostly because of low
maintenance cost, high reliability and relativalwer manufacturing cost of this motor
especially for the squirrel cage type.

To control speed of induction motors, scalar opmaplvoltage and frequency-based
methods are used. At the same time, high qualiyut control is needed for many applications.
When it comes to torque control, closed loop vectmtrol should be used for satisfactory
performance. In vector control, apart from coningjithe magnitude of variables including flux
and current, the phase should be controlled as[tjelThis is why they are named as vector
control methods. Closed loop vector control has ¢gewneral types: direct and indirect. In direct
schemes, the feedback parameters can only be ttoe cuorent or voltage variables. On the
other hand, if any position or speed informatiomaw from the machine is used in the motor
parameter estimation, the scheme is known as araidne. Two common methods of torque
control of AC machines are Field Oriented ContFDC) and Direct Torque Control (DTC).
FOC is a general term to describe vector contudljdbsome literature, it is interchangeably used

to describe indirect vector control methods. DT@ akrect vector control scheme has become
1



an industry standard because of its simplicity @nod dynamic response [2], [3]. FOC normally
has a lower torque ripple but the transient tongsponse is not as good as DTC. In addition,

FOC is more complex. The block diagram of a typl@lC scheme is shown in Figure 1.1.

Vas A V.
FOC Vs 2 Vi, | Voltage Source | Vi ] Induction | ©
F A Inverter V. .| Machine

®

@’ o}
T +

Controller Ores

_ R

Figure 1.1. A typical FOC scheme.

DTC is the topic of interest in this thesis. DT@dK diagram is shown in Figure 1.2.
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Figure 1.2. Block diagram of DTC scheme.

The operation principles of DTC will be explainedGhapter 2 in more details.
Conventional DTC scheme is implemented as torqué&@bed and speed controlled. In the
latter case, the torque command is calculated gtr@uP1D controller with the motor speed error

as its input.



Many researchers have been working on DTC schenmepi@ve it. By proposing SVM-
DTC constant switching frequency was achievedB#jensive research has been done to
address the relatively high torque ripple in corii@ral DTC compared to other field oriented
control strategies that are normally more comptdx8]. Because of the fact that conventional
DTC [2] uses hysteresis torque and stator flux canaifors, sampling frequency plays a very
important role. In order to decrease the torqupleipthe width of hysteresis windows should be
considered small. But this does not guaranteeadttogié ripple to be as small as the window
width if the sampling frequency is not high enouBk.improving flux and torque estimators,

researchers have reached sampling frequencieglaa$200 kHz [9].

Different digital devices have been used in eleatrive applications. For simple motor
control schemes a microcontroller may suffice. Buthigh performance drives with more
complexity, digital signal processors (DSP) areeegively used. DSP is a good choice for motor
control applications because of its strength indliag complex calculations. In addition, field
programmable gate arrays (FPGA) have been usadpgiement high performance drives [9].
Figure 1.3 shows both DSP and FPGA domain of usedan algorithm complexity and timing

constraints [10].

]

DSP

Algorithm complexity

7/ FPGA

——"""~—

Algorithm timing constraints

Figure 1.3. DSP and FPGA domain of use [10].
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FPGA provides hardware-based signal processinghiggn levels of parallelism. This
results in fast computational speed that is invakian control schemes based on hysteresis
comparators like DTC where a higher sampling fregyecan reduce the torque ripple. Basically
DSP uses arithmetic logic unit (ALU) and peripheral handle needed operations whereas
FPGA provides a very flexible hardware solutiondalculational purposes. This helps us to
implement a full hardware/software system fromgbeatch for motor control applications.
Another merit of FPGA-based control is its techiggiindependence meaning that the same
algorithm can be synthesized into any FPGA devidg. [Intellectual Property (IP) core
development is considered to be another interesspgct of FPGA-based motor control. The
soft cores developed in a hardware descriptiondagg (HDL) can be used to handle specific
motor control schemes. This tool is very helpfuldogineer customers using motor drives
without being motor control experts. In hardwareaha-loop (HIL) applications, FPGAs are
quite popular because of their good latency thasgential to keep up with the fast dynamics of
power conversion systems. A very good review on &Rt&thodology in industrial control
systems has been done in [10]. Although the meetidgtPGA advantages give us more
flexibility, it can make the design and implemeidatprocess longer and more costly. Also
maintenance for such implementations will be expend his is why most motor control

engineers are still willing to work with DSPs.

Specific contributions of this thesis work are:

* Achieving much faster simulation time (12 timegtéajsof an induction motor drive system

(DTC) using FPGA, compared to PC-based MATLAB siation.



» Experimental implementation of FPGA-based DTC wiitlital processor sampling
frequency as high as 800 kHz. This is significastduse DTC torque ripple reduction is
highly dependent on the scheme sampling frequency.

» Design and experimental implementation of a comfigle torque/speed control system

based on DTC and V/f constant control for an inauncinachine on dSPACE RTI 1104.

In Chapter 2, DTC operation is explained and DTResee is simulated on FPGA that
leads to a 12 times shorter simulation time congpayd®C-based MATLAB simulation of the
same system. Chapter 3 presents the implementtdmC using both dASPACE RTI 1104 and
Xilinx Virtex-5 FPGA board with the FPGA-based seqroviding sampling frequencies as high
as 800 kHz compared to 20 kHz sampling frequen@SHACE. In chapter 4, a configurable
DTC-V/f constant induction motor setup is propoaed implemented using dSPACE with the
capability of both speed and torque control onslame platform. At the end conclusion, future
work and an appendix providing online access tovls@log HDL codes used in Chapter 2 and 3

are presented.



CHAPTER 2. FPGA-BASED SIMULATION OF DTC [12]

2.1. Overview

In this chapter, direct torque control of an indorctmachine is simulated on a Xilinx
Virtex-5 FPGA. The same system is simulated onraqmeal computer (PC) in MATLAB and
the results are compared. FPGA-based simulati@T&f turned out to be 12 times faster than

PC-based MATLAB simulation. This work was publistei[12].

In section 2.2 significance of FPGA-based simutatgexplained. Section 2.3 explains
DTC operation. Details on DTC equations are pregkint section 2.4. In section 2.5 FPGA-
based design considerations are discussed. Siowlasults of both FPGA and PC are

presented in section 2.6. Section 2.7 concludssctiapter.

2.2. FPGA-based simulation

In computer simulation of complex systems, the $athan time can become very long
depending on the calculations that should be hdnoyethe machine processor. Electric power
systems are good examples of such systems. Spdgifichen dealing with differential equation
sets solved by numerical methods, long simulatime tan be expected. This makes simulations
inefficient, time consuming and tedious. Also cdesing real-time and hardware-in-the-loop
(HIL) simulations, simulation time is consideredn@ain concern. In HIL simulation, fast
dynamics of specific hardware is characterized lgigtal processing unit including personal
computers. As a good example, HIL simulations of/@oelectronic converters need fast digital
signal processors because of the extremely fassigats of such converters. [13]-[16] are good

examples of real-time simulation and modeling et#ic power components.



Understanding the need for faster simulations, F®Gsf be used to speed up the
process. FPGA as a fully configurable device cawvide the basic logic operators (AND, OR,
NOT etc.) needed to handle numerous calculatioasaBse of the fact that in hardware-based
calculation having many parallel computation pashsossible, we can have much shorter
calculation times. This high level of parallelissim contrast with microcontrollers, DSPs and
computer CPUs that can handle one operation ataiti their ALU (Arithmetic and Logic

Unit).
2.3. Direct torque control

The block diagram of Direct Torque Control (DTCheme is already shown in Figure
1.2. As shown in the figure, stator flux and torgeference values{ and T respectively) are
applied to the system. The reference values argared with the estimated feedback values
through two and three-level hysteresis comparatansed stator flux and torque controllers.
Based on the outputs of the comparatarandr) and also the sector selector block, the
switching table shown in Table 2.1 outputs the appate inverter switching signals. Sector
selector block determines the location of statax flector in the dq plane as shown in Figure
2.1. The voltage vectors determine the directiowhich the stator flux vector should move

upon applying such vectors to the inverter.

Table 2.1. Switching table for DTC.

(S & &)
%1, N N=1] N=2] N=3] N=4 N=5] N=6
t=1 | (1,1,0) (0,1,0)| (0,1,1)] (0,0,1)| (1,0,1)| (1,0,0)
r=1[t=0 | (1,1,1)] (0,0,0)] (1,1,1)] (0,0,0)] (1,1,1)] (0,0,0)
t=-1] (1,0,1) (1,0,0)] (1,1,0)] (0,1,0)] (0,1,1)] (0,0,1)
t=1 | (0,1,0) (0,1,1)] (0,0,1)] (1,0,1)] (1,0,0)] (1,1,0)
»=0[t=0 | (0,0,0) (1,1,1)] (0,0,0)] (1,1,1)| (0,0,0)] (1,1,1)
t=-1] (0,0,1)] (1,0,1)] (1,0,0)] (1,1,0)] (0,1,0)| (0,1,1)

7



Figure 2.1. Stator flux sextants and needed voltage vectors.

All the vectors in Table 2.1 except (0,0,0) and (1) are called active or non-zero
vectors. Applying these signals to the invertersesua torque value increase. Whereas the two
vectors (0,0,0) and (1,1,1) called zero vectorasedhe torque value to decrease. This way the
torque ripple will be limited to a specific randgagure 2.2 shows how the three inverter gate

signals § S and Sdetermine the applied voltage to the three phastsonduction motor.

Vilo1l)

Vi{l100])
@

V{0ogl

Vil1i0]

w,nnn@

@

v(111)

r @u[mm

vi{011)

Figure 2.2. Inverter switching signals applying the neededagstto the induction motor.

Detailed explanation of DTC can be found in [1] #2[ Also [17] is a good review on

DTC and some of the improved versions.




2.4. DTC blocks and equations

DTC block diagram shown in Figure 1.2 is compriséthe following main components:
induction machine model, estimation block, switchiable, torque and flux comparators, sector

selector, and inverter. What follows is the dedmipof each block.
2.4.1. Induction machine

As a simple model of three-phase induction mot@yimchronous reference frame

differential equations transformed to dg componeatsbe considered as

S

Veq = Rgi +d¢q+m(|) (.1
sq slsq dt ePsq .

. d¢
Vsa = Rslsg + d_std - (Ded)sq (2.2

. do,.

0 = Ryiq + dtq + (0, — o)y (2.3)
. dg,

0 =R ig + dtd — (0, —0r)d,, (2.4)

whereawe is the stator angular electrical frequenay;is the rotor angular electrical frequency;
Vsqand qare the stator dg voltage componentsail R are stator and rotor resistances; i
and kq are the stator dq current componentganddsqare the stator dq flux componengg; and

¢rq are the rotor dq flux components.

The rotor and stator flux components are
d5q = Lsisq + Lmirg (2.5)

(I)sd = Lgisq + Linirg (2.6)



drq = Lrirg + Limisq 2.7)

d)rd = Lyirg + Limisq (2.8)
where L and L are the stator and rotor inductances, apdslthe magnetizing inductance.

Although the above differential equations ((2.1§2a1)) are fairly simple, they include
too many variables to solve for (current and flaxiables). Using equations (2.5) to (2.8), and
considering stationary reference frame the indaati@achine can be modeled by the following

equations [18].

digg _ . Lm Lm P 1
a - Vlsa ¥ oLsLy Ty Org + oLgLy 2 wmd)rq + oL, 'sd (2.9)
disq } Lm P Lm 1
at . Ulsq oLgLy 2 wmd)rd + oLgLy Ty d)rq + oLg Vsq (2.10)
dé.q  Lm . 1 P
dt T, lsd T, d)rd 2 wmd)rq (2-11)
dorg  Lp. 1 P
?_T_rlsq_T_r(l)rq-l_zmm(l)rd (212)
2 L%n
. L ST Ly . .
where we use the notatioas= 1 — Lr: andy = LLF; T, = R—r is the rotor constanty, is the
sbr OLs r

angular mechanical speed of the motor. The statabtas in these differential equations are the
dq axes stator current and rotor flux componesisidy, ¢sq andesg). The three-phase voltages of
the stator, transformed to dq components are addddnom the positive sequence dq

transformation matrix:

Vsd > 1 _\/%'5 - O\/‘; Vsa
[Vsq] = 3 0 > -5 [Vsb] (2.13)
Vso 1 1 1 Vsc

10



The state space representation of the model is:

dx(t)

- = Ax(t) + Bv(t)

where

]
isq

x(t) = [%‘ V(D) = [Zj

_y L Lm_
oLsLy Ty oLsLy i
0 Lm L oLg
A= Y oLgLy oLsL, Ty B = 0 L
| Lm 0 1 At cLg
- - —®
T, T, 0 0 J
L 1
0 Lm o _1 0 0
Tr Tr

Torque-speed relationship is governed by the falgvegation.

dom 1

dt = T(Te - TL)

12)

(2.15), (2.16)

(2.17), (2.18)

(2.19)

where T and T stand for electromechanical and load torque res@byg; J is the rotational

inertia.

To solve the above differential equation set nuoadlit, a discretization method based on

forward shift approximation [19] is used due tolat& computational complexity and good

stability. The shift approximation can be calcutblby considering:

_ (z-1)
T

(2.20)

where T is the integration time step and z is édigcmode forward shift operator. Applying

(2.20) to (2.14) yields [20]:

x(k+1) = A,x(k) + B,v(k)
11

(2.21)



where

x(€) = [isa(® isq() 6,400 ¢, (K] (2.22)
A, = (1+AT) (2.23)
B, = BT (2.24)

2.4.2. Estimation block

The torque and stator flux estimation block estemdahe motor electromechanical torque

Te and stator flux linkagés described by the following equations.

Te = 5572 (Braisa = drgisa) (2.25)
¢sd = I(Vsd - Rsisd) dt Zﬁ)
¢sq = f(Vsq - Rsisq) dt ZZ)

¢, = /d)id + 0, (2.28)

dsa andgsq are evaluated using the following equations cargig that T is the

numerical integration time step.
bgq = ¢5dold + Ts(Vgq — Rgigq) (2.29)
dsq = 9.y T Ts(Vsq — Rsisq) (2.30)
2.4.3. Torque and flux comparators
The torque and flux hysteresis comparators geaénaterror between the corresponding

estimated values and reference values. The operatiithe comparators is illustrated in Figure

2.3.

12



A
T.”- T, -1,0, +1 ;- 0, 0,+1

— — — —=

Figure 2.3. DTC torque and flux hysteresis comparators.

2.4.4. Sector selector

This block determines the section (N = 1 to 6)hich the stator flux vector is located.

This is determined by evaluating the sign and valuestimated stator flux dg componenfig(

Psq)-

2.4.5. Switching table

This block outputs the appropriate switching sidresed on the two comparators outputs
(T, A) and the sector selector output (N).

2.5. FPGA-based design

To implement the induction motor on the FPGA weuwtialesign a numerical solver
system for the differential equation set. Suchesysis shown in Figure 2.4. For each variable, an
integrator with feedback path is considered. Wheting the Verilog HDL code, an integrator
with multiplexers and demultiplexers were usedaweshardware resources as an optimization
measure.

Figure 2.5 shows the number of clock cycles nedaoleevery calculational stage of a

single DTC loop. For a single loop, 88 clock cyces required.

13
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Figure 2.5. Number of clock cycles for one-time DTC loop sintida.

Knowing the number of clock cycles for each loop, @an calculate the sampling
frequency which is the same as the inverter switgfriequency, provided that the high sampling

frequency is not beyond fast switching capabilibéthe inverter.
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2.6. Comparison of simulation results of DTC on FPGA and PC (MATLAB)
In this section, the simulation results of FPGAdthand PC-based (MATLAB) setups
are compared. The induction motor parameters usttisimulation are presented in Table 2.2.

Table 2.2. Induction motor parameters used in the simulations

Re 0.18Q

R 0.50Q

Ls 55.3 mH
L, 56.0 mH
Lim 53.8 mH

J 1.0033 kg.rh
P 4

An m-file in MATLAB was written to simulate DTC oa personal computer system. The
time step was considered to be 1 ps, equal tortaeonsidered for the FPGA-based version.
The simulation was run for 1 second of DTC operatithis was done on a desktop computer
system with Windows 7 operating system, Intel G6r€PU clocked at 2.5 GHz. The elapsed
simulation time turned out to be 44.4 s. The sam€ Bimulation on Xilinx Virtex-5 FPGA
with maximum clock frequency of 25 MHz took jusb3.s. Therefore the FPGA-based solution
does the simulation about 12 times faster.

The FPGA hardware resources usage is reportedaie P3.

Table 2.3. Hardware resources used for DTC implementation iinxXXVirtex-5.

Logic Utilization Used Available Utilization
Number of Slice 3608 28800 12%
Registers
Number of Slice 26423 28800 91%
LUTs
Maximum Clock 25 MHz
Frequency

Figure 2.6 (a) shows a torque command to the D'Beay. The estimated torque

responses for MATLAB and FPGA are shown in Figu&(®) and (c) respectively.
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Figure 2.6. DTC torque command and responses (a) step commandAD).AB-based torque
response (c) FPGA-based torque response.

Figure 2.7 (a) shows a stator flux step commartledTC system. The estimated flux

responses for MATLAB and FPGA are shown in Figui@(®) and (c) respectively.
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Figure 2.7. DTC stator flux command and responses (a) step @rdrtb) MATLAB-based flux
response (c) FPGA-based flux response.

In both cases of torque and flux response, the FB&%d and MATALAB PC-based
solutions coincide.

The circular flux path graphs of the dg componehtstator flux for both MATLAB and
FPGA are shown in Figure 2.8 (a) and (b). This Qrsipowingdsq vs. ¢sq is a helpful tool to
verify the functionality of the flux controller artie selected inverter voltage vectors. The

graphs coincide as expected.
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Figure 2.8. Stator flux path graph simulation result (a) MATLAB) FPGA.

2.7. Summary and conclusion

In this chapter, DTC of an induction machine wiasuated on both Xilinx Virtex-5
FPGA and a PC with 2.5 GHz, Core i5 processor feedond of operation with a time step of
1lus. The FPGA-based simulation turned out to beni@s faster than the PC-based MATLAB
solution. Measures were taken to lower the amotinsed hardware resources in the FPGA-
based Verilog HDL coding including using one sinigigrator with multiplexer to handle the
integrations needed for induction motor differenéi@uations solving and parameter estimation.
Therefore, FPGA-based simulation can be consideigabd method for simulation of complex
systems, real-time simulation and HIL simulationemwldealing with systems imposing

conservative time constraints.
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CHAPTER 3. IMPLEMENTATION OF DSPACE AND FPGA-BASED DTC
3.1. Overview

In this chapter, DTC is implemented on both dSPATH 1104 and FPGA, and the
results are presented. More specifically the egtonalock which calculates torque and stator
flux values, the two controllers, switching tabledasector selection blocks (see Figure 1.2) are
implemented in both SIMULINK models for dASPACE-basetup and in Verilog HDL code for
the FPGA-based setup. The voltage source inverl) @nd the induction motor are physically
present in the hardware setup accompanied withr dinagces as explained later. Since FPGA is
a faster processor, lower torque ripple is exped@aded on the hardware-based solution, with a
maximum clock frequency of 54 MHz, the maximum FP&anpling frequency turned out to be
as high as 800 kHz.

In section 3.2, the experimental setup hardwarepoorants are explained. DSPACE-
based and FPGA-based hardware implementation of @&@xplained in sections 3.3 and 3.4,
respectively. In section 3.5, the two methods aregared. Section 3.6 concludes this chapter.

3.2. Specifications of the hardwar e units

The hardware components used for the experimesiiah sre as follows.
3.2.1. Induction motor

Motorsolver induction motor, 200 W, three-phaseofepcoupled with a permanent
magnet DC generator and its resistive load whiéhpswer rheusta. The induction motor

parameters are as in Table 3.1.
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Table 3.1. Induction motor parameters.

R 0.170Q

Rr 0.169Q

L 6.02 mH

L, 6.04 mH

Lm 5.33 mH

J 0.000225 kg.Mm
Terate: 0.528 N.m
Nratec 3600 mnm @ 120Hz

EfficienCyratec 79.6%

3.2.2. Three-phaseinverter

IRAM136-3063B integrated power hybrid IC [23] iseglsfor the three-phase inverter.

3.2.3. Hall effect current sensors

Two current sensors (Pearson Current Monitor, m@&9) for measurement of the
phase currents.
3.2.4. DC power supply

The power supply used is a 50V/20A DC supply (MAEHEHY5020EX).

3.3. DSPACE-based DTC implementation

Figure 3.1 shows the hardware block diagram of dSIPAased DTC. dSPACE interface

is connected to the PC and the internal process@rogrammed by compiled SIMULINK

models. The dSPACE RTI 1104 has a maximum samfiaggiency of 20 kHz.
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Figure 3.1. Block diagram of hardware implementation of dSPAlGSed DTC.

In order to estimate the desired parameters, we teeleave direct and quadrature

components of stator current, stator voltage aaibistlux linkages. The needed equations are

lsq = I (3.1)

isq = 15 + 2ip (3.2

Veq == (254 — Sp — Sc) 3B

Vsq = g (Sp — S¢) (3.4)
¢sd = f(vsd - Rsisd)clt @

d5q = J (Vsq — Rsisq)dt (B.6
0, = |02+, @.7)
(3.8)

3P . .
T = 27 (d)sqlsd - d)sdlsq)

where iy and iq are the stator current dqg componentgand \q are stator voltage dq

componentsdsq andesq are stator flux dg components; andsthe electromagnetic torque.
3.3.1. SIMULINK modelsfor dSPACE-based parameter estimation

The SIMULINK models used to implement estimatidodis for dAISPACE programming
are explained in the following subsections.
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3.3.1.1. Current measur ement

Two currents phases, @nd j) are measured using the current sensors and tiethia
control unit. Then the dq current components aleutated in the software as shown in Figure
3.2. For each current, there are two gain bloclseires. The first one (equal to 10) is to
compensate attenuation factor of the analog tdadigonverters (ADC) which is 1/10. The
second gain (equal to 100) is the scaling factouged current sensors (0.01V for each Ampere

equivalent to 1082 current sensor resistance).

ia
» b Curr &1 n
ADC ' id
1/20005+1 :
DS1104ADC_CS LP fiker Gota16

G5 G4

Curr B1 i
1 SqQrEN3 iq
172000241 Goto15
DS1104ADC_Ch a6 612 LP filtert gain’

Figure 3.2. Phase current measuremet and transformation in SINIKI.

As seen in Figure 3.2, for each current phase glasg filter with a relatively large
cutoff frequency is used to eliminate the high frelgcy components of the measured current.
3.3.1.2. Inverter DC link voltage acquisition

Based on equations (3.3) and (3.4) to build thsteltage dgq components in
SIMULINK, we need to measure the inverter DC lirktage (E). The needed software block
diagram is shown in Figure 3.3. The input rangthefADCs on dSPACE board is -10V to
+10V. So in order to measure voltages beyond i e need to step down the DC voltage
using a resistive voltage divider as in Figuread then compensate this by a gain block equal

to 4.15 which is reciprocal of the voltage divisi@tio.
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G613 G2
Figure 3.3. Inverter DC link voltage measurement in SIMULINK.

Figure 3.4. Schematic of theoltage division for inverter DC link voltage measment.

To calculate the compensation factor equal to 4Heésexact resistor values are used
(697K and 221k).
3.3.1.3. Torque and stator flux estimation

To estimate the dq components of the stator valtageneed the switching signals,(S
and Q) apart from the DC link voltage. As explained arleer chapters these signals are decided
by comparing the torque and stator flux refereredaas and the estimated values. In order to
estimate those values, we need to know about toy $hax componentsdsq anddsg) and then
using the current components, we can estimatedbieedl parameters as shown in Figure 3.5

based on equations (3.7) and (3.8).
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Figure 3.5. Torque and stator flux estimation in SIMULINK.

3.3.1.4. Torque and stator flux feedback and switching signals selection

The estimated torque and stator flux and the cpomding reference values are

compared as shown in Figure 3.6. The Control Systeck shown in Figure 3.7 contains the

flux sector detector, switching table and two hgetes comparators. The comparators are two

and three-level for the stator flux and torquepeesively.
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Figure 3.7. Control block content in SIMULINK.

3.3.1.5. Applying inverter switching signals
The switching signals are applied to relays andaligp analog converter blocks to

provide the gate signals for the three-phase iavefihe implementation is shown in Figure 3.8.
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Figure 3.8. The inverter gate signals applied to the DACs M3LINK.

3.3.1.6. Stator flux integration

To prepare the stator flux components, the ind@reflor air-gap voltage is needed
based on equations (3.5) and (3.6). The integratignments are prepared as shown in Figure
3.9 using the switching signals (equations (3.3) @¥)) and the estimated stator current
components.

To get the stator flux components, a decent integia needed; meaning that no drift
caused by the DC component of the input shouldrésent in the output. Using a low pass filter
instead of a pure integrator has been investig&tEd but it causes errors on the stator flux
phase and magnitude and methods used to compéhsaeor make the system relatively
complicated. Figure 3.10 shows a digitally impleteenntegrator with online DC offset
removal mechanism for the stator flux direct conganBefore the integration starts any major
low frequency component including the DC componemémoved using a low pass filter. The

unit delay block is used to avoid algebraic loopes. The integration time step (dt) is
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considered to be 0.0001s which is equal to SIMULI&Hver fixed time step. The same

implementation is used for the quadrature stator domponent.

Unit Dalay

Fud

g

Gotod

E
R 173
G5
—bl@ L
iy Wi - Rs.ig
Gi6 * #]
?}_:mwm "
b
- Wi . Rzl
Mo i Wi - Re.id
[ > | Product® -..I__
Sa =? ! <
G4
Se
iq v
Froma
Product12
id
*
Fromd Product 11
Rs
Constares
Figure 3.9. Estimating induced emfs in SIMULINK.
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Figure 3.10. Digital integrator with online DC offset removal 8IMULINK.
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3.3.2. Experimental resultsfor dSPACE-based DTC

The experimental setup for DTC | shown in Figurel3DTC scheme provides
decoupled control loops for the electromagnetiquerand the stator flux. The reference values
are set to be 0.5N.m and 0.04Wb for the torqueflamdrespectively. The DC link voltage

provided by a DC power supply is set to be 10V.

Figure 3.11. Experimental setup for dSSPACE-based DTC.

In Figures 3.12 to 3.18, relevant waveforms fordbleeme operation are presented.

1.0
T 00
(Nm)
S04 : i f t } f i
n on 0.0s 010 ¢ (g) 015 0.20

Figure 3.12. Electromagnetic torque (Te).
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Figure 3.16. Inverter DC link voltage (E).
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Figure 3.17. Stator flux phasor section number (N).
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Figure 3.18. An inverter switch gate pulse (phase a, high sid&ch: Vg,).

The torque step command shown in Figure 3.19 ifexpfo DTC scheme. The
correspondent responses for developed torquey $tia®alq components and stator phasor flux

section number are shown in Figures 3.20 to 3gshactively.
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tis)

Figure 3.19. Torque step command (0.5Nm to -0.5Nm).
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Figure 3.21. Stator flux dg components response to the torque@and (0.5Nm to -0.5Nm).
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Figure 3.22. Stator flux phasor section response to the torguencand (0.5Nm to -0.5Nm).

3.4. FPGA-based DT C implementation

The same DTC system implemented with dSPACE isemphted with FPGA in this
section. Verilog HDL was used to program a Xilinktex-5 FPGA to handle torque and flux

estimations. The hardware block diagram of theesygss shown in Figure 3.23.
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Figure 3.23. Block diagram of hardware implementation of dSPAGSed DTC.

The signals coming from the hall effect curremtssrs are analog signals that need to be
applied to the FPGA board which is a digital deviCieerefore, analog to digital conversion is
needed. To maximize the conversion resolution,aiganditioning is essential. Considering the
sensor current to voltage ratio (10mV for each Arapeve need to amplify the signal and shift
it so that the current signal full range appliedhe ADC fits its input voltage range which is 5V.
The block “Signal conditioning and A/D conversian”Figure 3.23 includes a non-inverting
amplifier with a gain of 25 and a differential anfipk with a unity gain that shifts the voltage

upward by 2.5V. The schematic of this block is showFigure 3.24.

Figure 3.24. Op-amp amplifier and voltage shifter to accommodateent sensor output for the
ADC.
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This circuit makes the output change from 0 to véwthe motor phase current changes
from -10A to +10A. Using 8-bit converter with a migxim sampling frequency of 500 ksps
(MAX150) may not provide us with the best resolatlut with a good sampling speed. On the
other hand, a 12-bit converter with a 100 ksps siagfrequency (MCP3201) may not allow us

to fully enjoy the high speed processing merit jpted by the FPGA in our DTC scheme.

The block “Gate signals inversion” in Figure 3.2%8 two MOSFETSs and one op-amp
buffer to change the CMOS voltage level of 3.3\ Td. voltage level of 5V; a gate voltage

level appropriate for the inverter switches. Thieesnatic of the circuit is shown in Figure 3.25.

e
=
12

sy Ve 5
R3
R1 g g

= az Psv oV

IFT

o
X\ n

Figure 3.25. FPGA switching signal output voltage inverting aitdo be applied to the inverter.

In our FPGA design, a single loop of DTC takes Bglccycles as shown in Figure 3.26.
The maximum clock frequency in Xilinx ISE synthemport is about 54MHz. Considering the
66 clock cycles, the inverter switching frequenap @e up to about 800 kHz theoretically which
is an excellent improvement. Here a limiting fagsothe inverter maximum switching
frequency. Another limiting factor is the maximuangpling frequency of analog to digital

converters (ADC).
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Figure 3.26. Number of clock cycles required by the buildingdis of the DTC estimator.

The information on hardware resources used on B@&4are shown in Table 3.2.

Table 3.2. Hardware resources used for DTC implementation iinxXXVirtex-5.

Logic Utilization Used Available Utilization
Number of Slice 2502 28800 8%
Registers
Number of Slice 0
LUTs 21758 28800 75%
Maximum Clock 54 MHz
Frequency

The hardware setup of FPGA-based DTC is showngarEi3.27.

Considering the same sampling frequency for botR{b8sed and FPGA-based DTC
implementations, FPGA will provides us with exteaxrdiware resources that can be used to take
care of operations like fault diagnosis, thermahagement and parameter adaptation without

limiting the sampling frequency because of paralf@ration in hardware-based calculations.
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Figure 3.27. Experimental setup for FPGA-based DTC.

3.5. Summary and conclusion

In this chapter, DTC of an induction motor was lempented on both dSPACE and
FPGA. The torque step command response of the dGH#Sed system was presented. To
implement FPGA-based DTC, signal conditioning dixwere designed and implemented. The
results of FPGA-based system showed that a maxisampling frequency of 800 kHz can be
achieved. This is significant because the torgpjeleireduction of DTC as a hysteresis
controller-based system highly depends on a higipbag frequency. In this case, other
limitations including analog to digital conversispeed and inverter switching should be

considered.
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CHAPTER 4. DOUBLE-FEATURED CONTROL SHEME FOR TORQUE/SPEED

CONTROL

4.1. Overview

In this chapter, a configurable torque/speed costiioeme is proposed and implemented.
The system can be implemented on FPGA as a praosgbkovery good flexibility. But as
mentioned in Chapter 1, because of the fact th@&A-8esign is normally more costly and time
consuming, the scheme is implemented on dSPACELR(4 with a focus on functionality of
the system. In the proposed scheme, torque isaltearwith DTC and speed is controlled with
V/f constant control scheme. The user can switd¢tvéen the two schemes depending on the

need to control the motor speed or torque.

In section 4.2, V/f constant control will be expled briefly as DTC operation was
explained earlier in chapter 2. Section 4.3 prestmd system made by integrating the torque and
speed control schemes in SIMULINK environment usedlSPACE board programming.

Finally, section 4.4 concludes this chapter.

4.2. V/f constant control method

In this section, implementation of V/f constant hoet is explained. V/f constant control
is a standard open loop scalar method to contchldtion motor speed. Basically, the objective
is to run the induction motor at a desired mecladrgpeed. This is done by applying a reference
frequency corresponding to a reference speed,andtator voltage is made proportional to the

reference frequency.

35



4.2.1. Variable frequency, variable voltage PWM refer ence signal generation

A variable frequency, variable voltage ac voltagerse is needed for the scheme. This is
used as the reference signal for sinusoidal PWMriev control. The V/f ratio constant value is

k where:

k — Vrated (41)

frated

Viateq@nd faeqare rated values for voltage and frequency ofriiaction motor,

respectively. PWM generation reference signals are:

Da = u[1] cos(u[2]) + 0.5 (4.2)
Db = u[1] cos(u[2] — 2%/5) + 0.5 (4.3)
Dc = u[1] cos(u[2] + 27/3) + 0.5 (4.4)
where
u[l] = “’/—f: (4.5)

where \j,is the induction motor rated voltagey M used to normalize the amplitude of the

reference signal and

ul2] = an frerdt = Zn(l/s)fref iy
where fesis the command reference frequency.

Figure 4.1 shows the SIMULINK model for the debed PWM reference signal

generation system.
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Figure4.1. SIMULINK model of PWM signal generation (duty cgajeneration) for variable
frequency for V/f constant method with frequencierence input.

4.2.2. Speed control of induction motor

The system shown in Figure 4.2 is the whole modeldling V/f constant method. The
reference speed is applied as the input. It is edad to a reference frequency and the result is
applied to the block “duty cycle generation IM” edidy shown in Figure 4.1. The outputs are
compared to the triangular waveform (Repeating 8egel in Figure 4.2) and the results are

applied to the six relays and then to the digitabhalog converters (DACs) connected to the

inverter.
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Figure4.2. SIMULINK model of PWM signal generation for varialfrequency for V/f
constant method with speed reference input.
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The block “f_ref_slip_comp” is used to convert tieéerence speed {§ to reference

frequency (&¢). The block content is shown in Figure 4.3.

0.00106

01258

Tir

Figure 4.3. Reference speed to reference frequency convesMLINK model.

Assuming the reference frequency(fto be equal to the synchronous frequengy)(f
we can derive the equations converting t fer. Assuming P to be the number of induction

motor poles we have

__ PNgyn

fSyn = o 4.7)
and also
Nsyn = Nper + Nslip (4.8)
where
Tgr+Bomre
Nslip = % (4.9)

where B is the coefficient of frictionTis the friction torque and m is slope of the tadNm)-

speed (rpm) characteristics.

Therefore implementing the equations (4.7) to (4:8pe calculated as shown in Figure

4.3. The developed torque on the motor shaft,(1s

Tgev = Borer + Tge + T :(@)
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where Tis the load torque which is provided by a DC getwgreoupled to the induction motor

shaft.

The parameters used for the setup are show ire Fabl

Table4.1. Induction motor parameters used in V/f constamtro.

P 4

M 0.0108 N.m/rpm

B 0.00106 N.m/(rad/s)
Ti 0.1259 N.m

To ensure operation with the desired speed, a sgeamtler with the measurement model

shown in Figure 4.4 is used.

N[
Scope
| ) n EMCODER
MASTER SETUF
speed
DS1104ENC_SETUP

Speed Measurement
Speed radis
1
mech (RPM) || — plmpidE0
=1
Transfer Fend

omega radis
Figure 4.4. Speed measurement SIMULINK model.

4.3. Torque/speed control system

The SIMULINK model shown in Figure 4.5 is usedgpiement the configurable
system in which the operation mode can be selatiibda check button. The switching is done

using a “Switch Case” and a “Multiport Switch” bloavailable in SIMULINK library.
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Figure 4.5. DTC-V/f constant configurable SIMULINK model.
4.4. Summary and conclusion

In thischapter, a control scheme with capability of cdlfitrg both torque and speed was
proposed and implemented using dSPACE board. Tiyeeaontrol method was DTC and for
speed control the popular, open loop, frequencedbasntrol method of V/f constant was used.
By combining these two methods, an induction motmtrol system was developed and
implemented on dSPACE. Using a “Switch Case” blac#l a 2-to-1 “multiport switch” the
operation mode of the induction machine can bectsdeby applying the needed set of inverter

switching signals to control either speed or torjased on the user need.
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CONCLUSION

In this thesis, simulation and implementation e&di torque control as a popular method
for torque control was presented with FPGA. FPGAdaaDTC simulation turned out to be
about 12 times faster than PC-based MATLAB simatatFPGA-based DTC design proved to
be able to work with much higher sampling frequeadcpotentially 800 kHz) that is very helpful
in terms of maintaining a low torque ripple. In #gh, intellectual property (IP) in FPGA-based
design can be developed specifically for motor mdrgystems including DTC. A configurable
torque/speed control system based on DTC and W4teat methods was successfully designed
and implemented on dSPACE. Such system gives #rethis ability to switch between V/f

constant speed control and DTC for torque contotth lon the same platform.
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FUTURE WORK

As explained in the thesis, FPGA has the capalofifyarallel calculations providing us
with very good latency and sampling frequency. SQiperations including fault analysis and
diagnosis, thermal processing and parameter ad@ptatany emerging measure to improve the
drive operation can be handled by FPGA and ataheedime, an acceptable sampling frequency
can be still maintained. Working on such systenmsreaeal more potential capabilities of FPGA

in electric drives.

Implementation of reconfigurable electric drivessng FPGA is another interesting
related area. Design and implementation of syst&pable of running on a substitute method

upon fault occurrence can lead to more reliabletetedrives with better performance.
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APPENDIX

The Verilog HDL code developed, synthesized andemented in Xilinx ISE Design
Suite 14.2 used for DTC simulation in Chapter 2 aseld for DTC experimental implementation

in Chapter 3 can be accessed by the following URLSs:

Ch. 2, DTC simulation Verilog HDL code

http://www.4shared.com/zip/PLDsgKe4ba/FPGA DTC Sation Verilog.html

Ch. 3, DTC implementation Verilog HDL code

http://www.4shared.com/zip/6ktéwjVmba/FPGA DTC Veg.html
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