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Abstract: Any nonlinear behavior of the system is analyzed by a useful way of
Total Harmonic Distortion (THD) technique. Reduced THD achieves lower peak
current, higher efficiency and longer equipment life span. Simulated annealing
(SA) is applied due to the effectiveness of locating solutions that are close to ideal
and to challenge large-scale combinatorial optimization for Permanent Magnet
Synchronous Machine (PMSM). The parameters of direct torque controllers
(DTC) for the drive are automatically adjusted by the optimization algorithm.
Advantages of the PI-Fuzzy-SA algorithm are retained when used together. It also
improves the rate of system convergence. Speed response improvement and har-
monic reduction is achieved with SA-based DTC for PMSM. This mechanism is
known to be faster than other algorithms. Also, it is observed that as compared to
other algorithms, the projected algorithm yields a reduced total harmonic distor-
tion. As a result of the employment of Space Vector Modulation (SVM) techni-
que, the system is resistant to changes in motor specifications and load torque.
Through MATLAB & Simulink simulation, the experiment is done and the per-
formance is calculated for the controller.

Keywords: PMSM; simulated annealing; space vector modulation; direct torque
control; THD

1 Introduction

The use of electrical energy has recently become inevitable in the current days. Approximately two-
thirds of electricity is utilized by motors in power industries worldwide. Electric motors, power
electronics drive circuits, sensors, and controllers are the major components of typical drive systems. As
per the recent advances in control theories, semiconductor power devices and magnetic materials,
permanent magnet synchronous motor drives have become inevitable in motion-control applications.
Normally, PMSM is a high-performing and high-efficiency motor drive. The characteristics like full
torque control at zero speed, quick acceleration and deceleration, and its smooth spinning over the entire
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speed range make PMSM to perform high. As compared to conventional motors, PMSM consumes 30% less
energy. Removal of secondary conductive losses in the rotor leads to this energy saving, noise reduction, low
rotor inertia, motor size reduction and efficient heat dissipation are all due to the PMSM with exterior
windings and inner permanent magnet rotor. Also, recent developments in PMSM drives make them
more suitable for industrial applications which require high torque at low speeds. Applications of PMSM
drives can be found in the paper and textile industry and in special applications for marine. Also, it can
be applied in traction, robotics and aerospace due to its compactness, increased power, increased
intelligence and high torque density. In recent years, many studies have been undertaken for applying
various methods to reduce the impact of uncertainties. On a fundamental level, traditional PID controllers
are usually employed in industries because of their simplicity, candid control structure and economical
nature. On varying the rotating magnetic field frequency, the motors synchronous speed can be
controlled. As production and maintenance costs are higher for synchronous motors, industries have the
challenge to improve the performance of motors with accurate speed tracking, smooth torque output and
minimum ripple during transients. The PMSM satisfies the criteria required by the industry.

DTC is one of the best methods to control torque of AC machines. The higher torque control rate and
speed sensitivity make DTC as superior over other methods. Rotor status information is needed to implement
the field orientation process in a flux vector drive under magnetic operating conditions. The pulse encoders
give the details about angular position and rotor speed to acquire rotor status. The high cost of pulse encoders
needs a suitable alternative. The necessary control variables for DC drives are motor flux and torque, which
in turn are controlled by the stator current. DTC deeds motor flux and torque as they are control variables to
control the speed of AC drives. For designing and developing three-phase sine wave voltage source inverters,
SVM is the proven best method.

SVM becomes the best suited technique to provide pulse-width modulation for voltage-fed
converter drives due to its higher harmonic quality and wider range of operation. A speed PI
controller generates the reference torque, and the control approach is Dead Beat DTC. Under external
disturbances, the PI controller has a low dynamic and poor precision. The rate of convergence is very
low in this method [1]. Adaptive internal type 2 Fuzzy controller is used for modeling the unknown
functions. In this control method, all well-designed signals are bounded [2]. In conventional methods
of DTC, very large ripples in torque responses are obtained, especially in electric vehicle
applications, as a result of reverse voltage selection [3]. The block diagram of Simulated Annealing
(SA) based PMSM control is shown in Fig. 1.

This study proposes a simulated annealing based control system for rotor position control in PMSM
drives. This study is more appropriate for close to ideal solutions in large scale combinatorial
optimization problems, such as Random Search. This optimization problem investigates an objective
function’s parameter space, making it simple to minimize the objective functions. Likewise, here the
iteration is based on the minimum of ripple in torque and flux by finding the correct parameters to control
the PMSM drive. DTC-SVM played a major role in this work.

Performance of suggested method has been successfully proven by simulated and experimental
findings. The following is description of the structure of the paper. The problem formulation and the
dynamic analysis of the PMSM servo drive are stated in Section 2. Unit 3 comprises the Simulated
Annealing framework, DTC model, and SVM. Simulation and experimental analysis were used to
confirm the correctness of the design approach and the resilience of the suggested controller. Under
load fluctuations and parameter uncertainties, the dynamic performance of the drive system is
investigated. Section 4 contains validation with experimental simulations and results. Inference and
future scope are given in Section 5.



IASC, 2023, vol.35, no.2 2327

Ae,, d/d,
2 U“
e, Ks k, ! —
Fuzzy adaptation | _| |
k' k'
w, * Y T+ AT Uy s
—’®— Pl Regulator = Space
3 -
-+
> VSI
SA Vector
U, +
alw. 2 t
“ s |2 1l > »| Modulation
3
SA az
]wsll ig
Torque & ‘/' ; Clarke ¢
‘s DL
Stator flux
o z
Calculation . Transform %
Uy iz
B S

Figure 1: Block diagram of Simulated Annealing based PMSM

2 Problem Statements

A DTC-PMSM with fuzzy comparator for PMSM in low speed applications is stated in [1-5] to
minimize the variation in flux and torque. Speed, flux and torque variables in the stationary reference
frame are controlled by the optimum control theory. Thus the structure becomes simple and a low
speed operation is achieved [6,7], but the level of THD is high in the range of 11% and it leads to high
peak current at low speed. The substantial current harmonics are generated in the DTC-PMSM system
due to back electro-motive force distortion. The problems connected with direct torque control of
PMSM engines are recognized as high settling and rise time, overshoot and undershoot issues, low
transient response and high computational complexity based on literature surveys [8—10]. Here the
motor requires suitable controllers for attaining targeted performance. Due to the simple control
structure and less complexity [11], traditional PI controllers are commonly used in industries. But it
introduces problems likes load disturbances, parametric variations and nonlinearity that are induced by
these controllers. Also, an accurate linear mathematical model is required for PI controllers [12]. The
linear PI can no longer be sufficient, as the PMSM machine has a nonlinear model [13,14]. In this
work PI controller is combined with Fuzzy adaptation for its performance improvement, also for better
turning of proportional and integral controller constants. The controlled input from the PI controller is
applied to the optimization approach for improved gain. The energy upgrade and adjustment of the
energy level in the SA algorithm results in optimal input torque selection for PMSM, which improves
the switching pattern in the SVM. As a result, the THD has decreased.
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2.1 Torque Equation of PMSM

The PMSM is provided with a three-phase input. The three-phase model is first converted to an alpha-
beta transformation using Clark's transformation. Let 4,, 95, and 9. be the three-phase voltage provided to
the PMSM’s stator, and 1i,, i, and i, be the three-phase current flowing in the stator.

2
Vo = 5(195, —0.5[9p] —0.59,) (1
2
vp = 3 (0.866 ¥, — 0.866 ¥,.) 2
Same way
2. . ,
I = g(lu — 0.5[i5] —0.5i,) 3)
.2 . .
ip=3 (0.866 i, — 0.866 i) 4)

Here i, and ig are the 2 axis transformation current after clark’s transformation

Over each stator winding, voltage E is the sum of the resistive voltage drop and the voltage induced by
time-varying flux linkages. In the rotating reference frame, the voltage equations of the stator windings are
given as in (1) and (2). The electromagnetic torque is then calculated using FOC with the d-axis current set to
zero [2], as shown in (3) and (4). Tab. 1 lists the parameters of a drive system.

Vg = rig + 2qPig + O, 441, %)
19(1 = Vsiq + lqpiq + O, 4417 + @rq)f (6)
where 94, U, are the d and q axis voltage in volts

ig and i, are the d and q axis current in amps

4q and /, are the d and q axis flux linkages

P is the number of pole

o is the field flux in weber

Table 1: Specification of PMSM

Specification Symbols Value

Rated power P 3 kW

Voltage nominal A% 380V

Speed in rpm n 2600 r/min
Frequency f 60 Hz

Pole pairs P 2

Moment of inertia i 0.006 kg/m?
Friction co efficient B 0.001 N-m/rad/sec
Stator resistance Rs 0.5 ohm

d axis stator inductance Ad 0.9 milli Hentry

g axis stator inductance Aq 0.9 milli Hentry
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Because the motor's torque and current are proportional, the torque equation can be written as
Ty =K1 @)

where K, is torque constant.

The sum of all opposing torques is calculated using Newton's law, with load torque equaling the motor's
torque. As a result, the torque equation is

do
TM:TL‘F].ME‘FBM@ ®)

The back emf is always proportional to the speed of the given motor. And replacing the proportionality
constant as Kg the equation becomes

ep = KBG (9)

where, Ty, T, are the torques produced by the motor and the load torque, respectively.
By = Damping co-efficient
Ju = Moment of inertia

K3, K, are the back-emf constant and torque constant, respectively; © is the angular velocity in rad/s; ep
is the back-emf.

Using the co-energy form, torque is defined as a change in energy per change in angle. The energy
equation can be expressed as,

. ) . ) 1/3\,. T .
Wf = (labcs)TO\s - )\lsl)labcs - (labcs)T)\/srllqdr + = <_> (llqdr) ()\/r - )\Ilrl)llqdr (10)

2\2

N —

1apes 18 the instantaneous stator current in amps

14qr 18 the rotor reference frame current

/s be the stator reference flux linkages

I stands for Identity Matrix. and

The electro-mechanical torque is represented as

r 9
o0r

The torque and rotor speed relations are,

P 0 1.1,
Te = 5{ -0.5 (iabcs) Ms - ils[]iabcs + (iabcs)T% [/L;r] li]dr (1 1)

2
T, = (1—0) O+ T (12)

where j stands for inertia in Kg-m* ©) is the rotor speed.

2.2 DTC-SVM Control Strategy

At every sampling period, a single stator voltage is chosen and is kept constant for the entire duration.
High and small torques are not differentiated by the switching technique. This introduces an extra torque
ripple during steady state operation. A reference stator voltage space vector is determined at all sampling
periods, in this control scheme. This is done by the proper selection of inverter switch states and by
calculating time period for every state [15—17].
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Every sampling period, a reference space vector, is calculated in the control scheme. This is
accomplished by carefully selecting the inverter's switch states and calculating the time span for each
condition [18]. The abc- axis can be transformed to x-y axis is represented as,

-1 -1
N - U,

) _ 2 2 2
()=5, & ) "
2 2 ¢

which can also be written as

"y = % Ve — 0.5(up + 1) (14)
U, = ?(ub — Uc) (15)

where, u, and u, are the unit basis vectors of the old coordinate systems

The space vector representation is
M(t) = En1e/®t (16)

where £, is vector of magnitude in volts, © is constant speed in radians per second.

Using line voltage as a reference, the rms output voltage’s a-f§ components can be written as a function
qula q2, 43

—1 —1
1 — — q1
Via 2\/§ D) 2
—Z./2y 17
(VLB> 3V27° V3 =3 || P 17)
75 = 7

The performance vector U is defined when the output voltages are purely sinusoidal. As
U* = M (18)

where M stands for modulation index (0 < M < 1) for supervising the w and amplitude of the output
voltage is the output frequency in radian per second.

3 Simulated Annealing in Random Search Approach

To produce a solution to combinatorial optimization issues, this algorithm can be applied. Solutions to

o n

the issues are equal to states in a physical system and the cost of a solution is equivalent to a state's "energy."
Flowchart of random search SA is depicted in Fig. 2.
The Simulated annealing based PMSM algorithm is demonstrated below.
Step 1: Initialization with a Torque N-m random initial value.
Step 2: With a given move, do the operation.

Step 3: Measure score: calculate the torque and flux values because of the move made.

Step 4: Choose- Accept or reject the transfer, depending on the shift in torque and flux values. Based
on this information, the switching pattern of space vector modulation Sa, Sb, Sc is based.

e Step 5: Update and repeat- The values are updated. Go back to Step 2 and repeat the process until it
reaches the best performance



IASC, 2023, vol.35, no.2 2331

Stop
| Initialization |
M no
Random selection of Tm Stop?
Yes Tm = Tj+b+Tm
f(Tj+Tm)<f(Te) B=0.2b+0 4dx
X =Tj+b-Tm
B=b-0.4dx
B=0.5b

Figure 2: Random search method flow chart

4 Simulation Results and Discussion

The method of heating up a solid and then cooling it down until it becomes a crystal is called simulated
annealing. Simulated annealing consists mainly of a sequence of iterations being repeated. The two energy
level sets E; and E; are obtained from the respective current solution and test solution. If E; — E; <0, then trail
solution is accepted and the current solution is substituted. Else, acceptance or refusal depends on the
acceptance of probability by Boltzman. A move of every solution to all neighborhood state space should
be within the cooling schedule of initial temperature. The direct torque PI controller parameters are
optimized using a simulated method of annealing. The simulated annealing parameters are displayed
in Tab. 2.

Table 2: Simulated annealing Parameters

Initial temperature 80
Final temperature 0
Iteration 15
A 0.9
Number of guesses 336

The simulated results of simulated annealing based direct torque control PMSM are investigated. The
speed control of SA-PMSM is in Fig. 3 and the speed tracking with different speeds is plotted in Fig. 4.
The reference speed of 6000 rpm and 4000 rpm are compared with the response of PMSM with SA
controller.

The torque response of DTC-SA-PMSM is illustrated in Fig. 5. The variation of torque under various
times is analyzed.
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Figure 3: Speed response of SA based PMSM
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The three phase voltage utilization and the THD analysis of DTC-SA-PMSM is depicted in Figs. 6 and 7
respectively.
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Figure 6: Three phase voltage output of SA based PMSM
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Figure 7: Total Harmonic Distortion chart of PMSM using SA
The various ripples are listed in Tab. 3 with respect to various frequency levels.

Table 3: Torque ripple at 1250 rpm

Frequency DTC-SA
1 0.079

1.5 0.077

2 0.077
25 0.062

3 0.05

3.5 0.046

4 0.04
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The speed and load change with different scaling is depicted in Fig. 8 and Fig. 9.
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Figure 9: Load variation of PMSM motor from no load to full load- SA

The performance indices of SA based PMSM is shown in Tab. 4. Based on average ripple, losses,
efficiency and total harmonic distortion the performance of SA is calculated. The iron loss is maintained
as 4 W. The total loss obtained is 70.52 W and the efficiency is 97.64%. The peak overshoot is 17.8%
and performance of SA based controller is very efficient than other controller.
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Table 4: Performance indices of SA based PMSM

Performance Output
Average torque ripple (Nm) 0.15
Total Loss (W) 70.52
Efficiency (%) 97.64
Settling Time (sec) 0.042
Peak overshoot (%) 17.8
Steady state error (%) 0.2

5 Conclusion

For the permanent magnet drive system, this Simulated Annealing technique with reduced THD has
been developed. The proposed technique is not only better than conventional methods, but also robust
during engine parameters variation, especially when, load torque disturbances are considered. The
parameters of DTC controllers for PMSM are automatically adjusted by the optimization algorithm. The
advantages of the PI-Fuzzy-SA algorithm are retained when used together. The results show that in all
applications, and in particular in this work, the proposed algorithm is very versatile. The outstanding
simulation results produced demonstrate the efficacy of this technique in controlling the PMSM speed
torque and d and q axes at the present time. It also improves the rate of system convergence. PMSM with
low THD is well suited for railway application. This proposed technology satisfies many industrial and
railway applications.
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