S. Allirani, J. Electrical Systems 9-3 (2013): 355-366
V. Jagannathan®

Regular paper Journal of
Electrical
Systems

Modeling and Simulation of High
performance Direct Torque
Controlled Induction Motor Drive

Abstract : This paper presents modeling and simulation of Field Programmable Gate
Array (FPGA) based Direct Torque Control (DTC) of Induction Motor Drive fed by
Space Vector Modulation (SVM) based Voltage Source Inverter (VSI) which allows
precise and quick control of induction motor without calling for complex control
algorithms. Also this technique is found to yield low steady state torque ripples and
current distortions. At the same time the technique retains fast transient response,
associated with DTC. FPGA is chosen due to its fast proto typing, simple hardware and
software design and provides reduction in execution time.
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1. INTRODUCTION

The induction motor is well known as the work horse of industry. It is estimated that
induction motors are used in seventy to eighty percent of all industrial drive applications
due to their simple mechanical construction, reliability, ruggedness, low cost and low
maintenance requirement compared to other types of motors. Also it operates at essentially
constant speed. These advantages are however suppressed from control point of view.
When using an induction motor in industrial drives with high performance demands, the
induction motors are non linear high order systems of considerable complexity [1]. The
advancement of power electronics had made it possible to vary the frequency of the voltage
or current relatively easy using various control techniques and thus has extended the use of
induction motor in variable speed drive applications [2], [3].

Almost three decades ago, in [4] author presented the first control theory named Field
Oriented Control (FOC) which was implemented after 10 years with microprocessors.
Thirteen years later, a new control technique named direct torque control was developed
and presented by [5], [6], [7] and [8]. The DTC control scheme is very simple compared to
FOC. Conventional DTC consists of hysteresis controllers, flux and torque estimators and
voltage source inverter. The advantages of DTC are

e Absence of frame transformation
e No current control loop, hence the current is not controlled directly
e It does not need pulse width modulator and position encoder which introduces
delay and requires mechanical transducers.
In many variable speed drive applications, torque control is required where in closed
loop speed control is not essential. An example of an application where torque is to be
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controlled without precise speed control is traction drives for electric vehicles. Recently
many research papers have been published in the area of DTC [9] - [17]. This DTC
technique was implemented using digital signal processor. Then this algorithm was
implemented using ASIC (Application Specific Integrated Circuit) design [18]. This paper
focused on DTC in speed control mode in which the Pl controller was implemented using
VHDL (Very high speed Hardware Description Language) and presented the results. Papers
[19], [20] presented a comparative analysis for DSP and FPGA based DTC. It was
presented that the FPGA got better performance and precise in executing frequency. DTC
was simulated using MATLAB and ModelSim simultaneously allowing a global co-
simulation of the motor dynamics [21]. The author demonstrated the flexibility of the
simulation tools. In [22], the author presented a simple torque controller instead of
hysteresis comparators in order to maintain a constant switching frequency, and proposed a
simple compensator to compensate the error associated in stator flux estimation based on
voltage model. In [23], author presented a new torque and flux controllers and DTC was
implemented using DSP and FPGA. The developed controllers reduced the torque and
stator flux ripples and maintained a constant switching frequency.

In this paper the application of FPGA to SVM based direct torque control of induction
motor drive is presented and simulation results are presented. The proposed model is
simulated using Matlab and ModelSim 6.3.

The paper is organized as follows. Section Il described the modeling of induction
motor, Section Il deals with SVM based DTC and section 1V presented the simulation
results and section V presented conclusion.

2. MODELLING OF THE INDUCTION MOTOR

2.1 Electrical Model

The mathematical model of the induction machine can be represented by a set of
differential equations in the twin —axis (d-q) stationary reference frame.

Te =RLis ~a L —R Ly —aL Ly —LVy) /8y
i =@ +RLi, +@L L, ~R L, ~L ) /3
i, =—(RLjs ~aLLi, ~RLiy ~@L L, ~L )/
fy =L s R L+l L R L, ~LV)/a,
8, =L, —LL W
The mathematical model of induction machine can also be rearranged with the stator and

rotor currents set as the state variables as in equation (1). In terms of stator and rotor
currents, the torque can be written as in (2)

3p . -
Te = (E? I-m )(Iqsldr - Idslqr) (2)
For the machine model created, inputs chosen were the stator voltage, the rotor speed,

and the rotor resistance. The states chosen were the stator currents and rotor currents using
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the d-q (twin) axis model in the stationary reference frame. This gives the four electrical
states. The outputs chosen were the stator and rotor currents and the “electrical” torque
produced magnetic saturation effects were not included.

2.2 Mechanical Model
The mechanical model was created separately from the electrical model of the
induction machine and is relatively simple as in equation (3)

T =T s+ 2xgwdor o 4o,
p dt dt

Where T, =load torque, J=rotor inertia, o, =rotor speed, and mn=mechanical speed

©)

3. SVM BASED DTC

The basic principle of SVM based DTC is the direct selection of a space vector and
corresponding control signals in order to regulate the electromagnetic torque and stator flux
magnitude instantaneously. DTC provides very quick response with simple control
structure and hence this technique is gaining popularity in industries [6]. In DTC, stator
flux and torque are directly controlled by selecting the appropriate inverter state. The stator
currents and voltages are indirectly controlled hence no current feedback loops are required.
Nearly sinusoidal stator fluxes and stator currents enable high dynamic performance even at
standstill [24].
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Figure 1 Basic scheme of PWM inverter fed induction motor with DTC.

The generic DTC scheme for a Voltage source PWM inverter-fed IM drive is shown in
Figurel. The scheme includes two hysteresis controllers. The stator flux controller imposes
the time duration of the active voltage vectors, which move the stator flux along the
reference trajectory, and the torque controller determinates the time duration of the zero
voltage vectors which keep the motor torque in the predefined hysteresis tolerance band. At
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every sampling time the voltage vector selection block chooses the inverter switching state
(Sa Sg, Sc) which reduces the instantaneous flux and torque errors.

3.1 Basic Switching Table and Selection of Voltage Vectors based on Space Vector
Modulation
The basic idea of the switching table DTC concept is shown in Figure 1. The command
stator flux Wy, and torque Ters Values are compared with the actual W, and T, values in
hysteresis flux and torque controllers, respectively. The flux controller is a two-level
comparator while the torque controller is a three level comparator. The digitized output
signals of the flux controller are defined as in equations (4) and (5)

Yer =1 fOry <y . -H, (4)

Yer =L fory <wg  +H, (5)
And those of the torque controller are as in equations (6), (7), (8),

Teery =1, fOorT, <T,,., —H,, (6)

Ty =0, forT |, =T, @)

Toery =1 forT, <T,,., +H,, (8)

Where 2Hy is the flux tolerance band and 2H,, is the torque tolerance band.
The digitized variables Wsrr, Teerr and the stator flux section (sector) N obtained from the
angular position

a=arctg (Pp/ P 9)

create a digital word which is used to select the appropriate voltage vector. The stator
voltage space vector Vi is calculated using the dc link voltage Vg and the gating signals S,,
Sh, S as given in equation (10)

_ 2V j21 jam

VSS:—“(Sa+e 4sb+e 456] (10)

3
On the basis of torque and flux hysteresis status and the position of stator flux switching

sector, which is denoted by o, SVM selects the inverter voltage vector from the Tablel. The
outputs of the switching table are the settings for the switching devices of the inverter.
Figure 2 shows the relation of inverter voltage vector and stator flux switching sectors

TABLE 1 SWITCHING TABLE OF INVERTER VOLTAGE VECTORS

o) | a2 | e@) | o4) | a5) | «6b)
sectl | sect2 | sect3 | sect4 | sectd | sect6
1 V2 V3 V4 V5 V6 V1
0 V7 VO V7 VO V7 VO

Tserr Teerr

1 -1 V6 V1 V2 V3 V4 V5
1 V3 V4 V5 V6 V1 V2
1 VO V7 VO V7 VO V7

-1 V5 V6 V1 V2 V3 V4
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Six active switching vectors V1, V2, V3, V4, V5, V6 and two zero switching vectors
V0 and V7 determine the switching sequence of the inverter. Depending on inverter
switching pulses, PWM is achieved and hence stator voltages and currents are controlled.
Therefore to obtain a good dynamic performance, an appropriate inverter voltage vectors V;
(i=1 to 6) has to be selected.

3.2 Stator Flux Control

By selecting the appropriate inverter output voltage V; (i=1-6), the stator flux ¥
rotates at the desired frequency ws inside a specified band. If the stator chmic drops are
neglected, the stator voltage is directly proportional to the stator flux in accordance with the
equations (11) and (12).

_ dy
V =—= (11)
dt
dy, =V dt (12)
a
3 2
V3(FD,Tl) V2 (FI, TI)
NB(FDLTL) V6 (FI,TD)
B
) 1
E
5

Figure 2 Stator flux vector locus and different possible switching voltage vectors. FD: flux
decrease, Fl: flux increase, TD: torque decrease, TI: torque increase.

Therefore the variation of the stator flux space vector due to the application of the

stator voltage vector V., during a time interval of At can be approximated as in equation
(13).
Ay = VAt (13)
3.3 Torque Control
P L

T _3 sin (14)
*T22LL vy, siny

The electromagnetic torque given by equation (14) is a sinusoidal function of vy, the angle
between Wsand ¥, as shown in Figure 3. The variation of stator flux vector will produce a
variation in the developed torque because of the variation of the angle y between the two
vectors as in equation (15).
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Epi'(v/s +Ay,)Y, sinAy (15)

LL,

AT

e

Nl wo

Where Lg = LiL, - Ly’

In accordance with the Fig.1, the flux linkage and torque errors are restricted within its
respective hysteresis bands. It can be proved that the flux hysteresis band affects the stator-
current distortion in terms of low order harmonics and the torque hysteresis band affects the
switching frequency.

E.
9
I,

_ W, + AT,
¥,

{"f:

Figure 3 Stator flux and rotor flux space vectors

The DTC requires the flux and torque estimations, which can be performed as
proposed in this model, by means of two different phase currents and the state of the
inverter. The flux and torque estimations can be performed by means of other estimators
using other magnitudes such as two stator currents and the mechanical speed, or two stator
currents and the shaft position [25].
3.4 Stator Flux Estimation

In the stationary reference frame, the d and q axes stator fluxes are estimated based

on equations (16), (17).

l//_ds :J-(V_ds_i_dsRs)jt (16)

l//_qs = .[(Vqs - iqus)jt a7
From this the magnitude and position of stator flux can be obtained from
equations (18), (19)

7o =T s + Ve
(18)
a = arctg[quj (19)

ds

3.5 Electromagnetic Torque Estimation
From the estimated stator flux and current components the electromagnetic torque of
the motor is calculated as in equation (20)

Te = 3%(‘//_(15 i_qs - l//_qs I_ds) (20)
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4. SIMULATION RESULTS AND DISCUSSIONS
4.1 MATLAB Programming
MATLAB/SIMULINK is a software package for modeling, simulating and
analyzing dynamic systems. Figure 4 illustrates the complete model of DTC drive, which
consists of an induction machine, stator flux and torque estimators, torque and flux
controllers, voltage source inverter (VSI).
TABLE 2 INDUCTION MACHINE PARAMETERS

Parameter Symbol Value
Stator resistance R 1.85Q
Rotor resistance R, 1.84Q
Stator self inductance L 170 mH
Rotor self inductance L, 170 mH
Mutual inductance L 160 mH
Nominal Speed or 1440 rpm
Nominal Voltage \YA 380V
No of pole pairs p 2

The induction machine model used for simulation is constructed using sub system with
M-file based on stationary reference frame model in d-q axes which is shown in figure 5.
The induction machine parameters used for simulation are given in table 2.

INDUCTION MOTOR

Figure 4 Simulink Model of Space Vector Modulation based Direct Torque Control
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Figure 5 Simulink Model of Induction Machine

Simulation was carried out and the significance of SVM based DTC are proved.
Simulation results of stator flux, electromagnetic torque, and speed are shown in figure 6,
figure 7 and figure 8 respectively.
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Figure 6 Simulation results of Stator flux
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Figure 7 Simulation results of Electromagnetic Torque

362




J. Electrical Systems 9-3 (2013): 355-366

Speed
0 ‘ T
-10 Speed at load torque of 5 Nm-
— /
2 -20H\,
-_E -30 Speed at load torque of 10 Nm ~~ a
(5]
& 40 \ S
w
-50
. i
600 0.5 1 15 2 2.5 3
Time [9]

Figure 8 Simulation results of motor speed response

4.2 VHDL Programming

The complete system was modeled, simulated and evaluated using Xilinx / ModelSim
environment using VHDL language. The design flow of VHDL programming is shown in
figure. 9. The DTC algorithm is decomposed into several estimation as well as control
blocks [26], [27]. The estimation blocks include stator flux, torque and voltage vector. The
control blocks include two level and three level hysteresis comparators for flux and torque
respectively, switching function and SVM block. Each module is described from hardware
level using behavioural VHDL. The module should be decomposed into a number of
VHDL entities that interface through VHDL ports. Each of these modules should be further
subdivided into other modules. This decomposition process should be repeated until the
remaining module become simple enough to be easy to test individually.
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Figure 9 VHDL Programming Design Flow
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4.3 Results and discussions

The functional block diagram of the DTC is shown in figure 10 (a). The SVM based
DTC was developed and simulated using ModelSim 6.3 and the simulation results are
shown in figures 10(b) & 10(c). The process of generating space vector consists of
projection of a rotating vector on to six fundamental voltage vectors obtained by eight
unique combinations of three phase switches. The rotating vector determines the time the
projected vector is activated. This time is denoted as T, and Ty. Ty is null vector where
either all the top switches are in on or off state.

Load
DC link
Capacitor
-—
3d, 50 Hz Rectifi Voltage
-— ectimer
AC supply source
Inverter
— —0
Induction
s s.psd st s s Motor DC Generator
Gate Driver
Ve FPGA
== Torgue and flux estimation +
T Reft R hysteresis controllers @ I
orque eﬂp switching table ..._'D

Figure 10(a) Functional Block diagram of SVM based DTC using FPGA circuits
FPGA implementation scheme uses interlocked time circuits to split the values of T, Ty
& To. An LUT is used to turn on devices S1 — S6 based on the sector selection.
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Figure 10(b) Simulation results showing the sector selection S2 for an
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angle 79.5 (60 > a > 120) and S3 for an angle 133.5(120> o >180)
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Figure 10 (c) Simulation results showing the sector selection S5 for an
angle 283.4 (240< o< 300)

The simulation results proved the implementation of SVM based DTC by selecting
proper sectors for various values of angle as estimated. The simulation result also showed
the three phase (abc) to two phase (dq) transformation, stator flux and torque estimations.

5. CONCLUSION

In this paper SVM based DTC of an induction motor was simulated using
MATLAB/SIMULINK platform as well as ModelSim / Xilinx platform. The voltage source
inverter was controlled based on space vector modulation. The simulation results proved
that the SVM, by proper sector selection based on the flux vector position results in low
steady state torque ripples and current distortions. The proposed FPGA based DTC
technique is expected to be a cost effective, high performance control technique useful in
industries.
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