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Figure 24. Simulation of the PMSM time evolution with synergetic controller and FOC strategy—
@y = 500 rpm, Tp, = 1 Nm, ki = 10,000, kg = 10,000, igmax = 50, Tq = 3, Tq = 3 and kiz = 10,000.

Figure 25. Simulation of the PMSM time evolution with FO-synergetic controller, and FOC strategy—
Wref =500 rpm, Ty = 1 Nm, kig = 10,000, kg = 10,000, igmax = 50, Ty = 3, Ty = 3, kiz = 10,000 and 1 = 0.5.

Figures 24 and 25 additionally present the evolution of the electromagnetic torques, load torques
and stator currents iy, ip, ic and currents iy and i;.

Figure 26 presents the comparative time evolution of the numerical simulation for the FOC
strategy with PI current controllers, synergetic current controllers and FO-synergetic current controllers
of the PMSM. Figure 26 shows that very good performance achieved by using the synergetic control
for the inner current loops i; and iq. Obviously, due to the additional control parameters, between
the two types of synergetic control, the best performance is obtained by using the FO-synergetic
current controllers.
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Figure 26. Comparative time evolution of the numerical simulation for FOC strategy with PI controller,

synergetic controller and FO-synergetic controller of the PMSM—wref = 500 rpm and T;, = 1 Nm.

Table 3 compares a number of performance indices obtained by using fractional current controllers
for a reference speed wy,s = 500 rpm and a load torque reference Ty = 1 Nm. The performances of
these types of controllers are presented both in the case of nominal parameters, and in the case of |
parameter doubling. It can be noted that the synergetic controllers, and especially the FO-synergetic
current controller, have superior performance.

Table 3. Comparison of performance indices of the fractional order proposed current controller.

Performance Indices PI Current Controller ~ Synergetic Current Controller ~ FO-Synergetic Current Controller
Overshoot (%) 0 8 2
nominal |
Overshoot (%)
double | 0 " 5
Settling time (ms) 6 12 1
nominal |
Settling time (ms)
double ] 1 18 te
Steady statle error (%) 01 0.08 0.07
nominal |
Steady state error (%)
double | 01 008 o
Speed ripple (rpm)
) 182.16 112.91 102.45
nominal |
Speed ripple (rpm) 214.91 129.54 107.63
double |
Torque rlele (Nm) 1521 17.95 15.82
nominal |
Torque ripple (Nm) 19.44 21.02 18.73
double |

7.4. Numerical Simulations—Fractional Order Speed Controllers and Fractional Order Synergetic Current
Controller for PMSM

This subsection presents the numerical simulations for the structure proposed in this article,
namely, an FOC control strategy of the PMSM where the speed controller is of the SMC or FO-SMC
types, and the controllers for the current control loops are of synergetic and FO-synergetic type.
Figure 27 shows the block diagram of the MATLAB/Simulink implementation.
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Figure 27. Simulink block diagram for the PMSM sensorless control based FO-SMC speed controller,
FO-synergetic current controller, SMO speed observer and FDO.

For the implementation of the FO-SMC-type control described in Section 4, the parameters ¢ = 300,
g =200, c = 100 and p = 0.55 were selected, and for the FO-synergetic type controller described in
Section 5, the parameters kiq = 10,000, k; = 10,000, igmax = 50, Tg = 3, Ty = 3, kjz = 10,000 and p = 0.5,
for Equations (54) and (60), were selected.

The evolution of the time response for the PMSM control system with FO-SMC speed controller
and FO-synergetic current controller for wy,s = 500 rpm, Ty, =1 Nm is presented in Figure 28. Very good
static and dynamic performances can be noted, of which we mention the response time of 0.92 ms and
an overshoot of less than 1.2%.
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Figure 28. Simulation of the PMSM time evolution with FO-SMC speed controller and FO-synergetic
current controller—w,ef =500 rpm, T, = 1 Nm, (¢ = 300, g = 200, c = 100 and y = 0.55 for FO-SMC speed
controller), (kiq =10,000, kg = 10,000, igmax = 50, T4 = 3, Ty = 3, kjz = 10,000 and y = 0.5 for FO-synergetic
current controllers).

In Figure 29, under the same conditions, but for a load torque of 10 Nm, very good performances of
the PMSM control system with a response time of 1.2 ms are also obtained. The parametric robustness

321



Electronics 2020, 9, 1494

of the proposed control system is demonstrated in Figure 30 by obtaining a response time of 1.6 ms
under the conditions where a uniformly distributed noise with 0.2 Nm magnitude additionally acts
on the load torque, | parameter has a 100% increase, and also the stator resistance R has double the
nominal value.
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Figure 29. Simulation of the PMSM time evolution with FO-SMC speed controller and FO-synergetic
current controller—(u,ef =500 rpm, T;, = 10 Nm, (¢ =300, g = 200, ¢ = 100 and u = 0.55 for FO-SMC speed
controller), (ki; = 10,000, kg = 10,000, igmax = 50, Ty =3, Ty = 3, kijz = 10,000 and y = 0.5 for FO-synergetic
current controllers).
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Figure 30. Simulation of the PMSM time evolution with FO-SMC speed controller and FO-synergetic
current Controller—a),gc =500 rpm, T}, = 10 Nm and uniformly distributed noise, (¢ = 300, 4 = 200,
¢ =100 and p = 0.55 for FO-SMC speed controller), (kiq =10,000, kg = 10,000, igmax = 50, Ty =3, Ty =3,
kiz = 10,000 and p = 0.5 for FO-synergetic current controllers), 100% increase of | parameter and 100%
increase of stator resistance Rs.

Figure 31 compares the response of four PMSM control systems obtained by combinations of SMC
and FO-SMC speed control systems, and the current controllers are of synergetic and FO-synergetic
type. Table 4 presents the comparative results of the performance of these control systems according
to: overshoot, settling time, steady state error and speed ripple defined in relation (117). It is obvious
that the control system proposed in this article based on FO-SMC speed controller and FO-synergetic
current controllers has the best performance.
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Figure 31. Simulation of the PMSM time evolution comparative fractional order controllers—a},ef =500
rpm and T, =1 Nm.

Table 4. Comparison of performance indices of the fractional order proposed controllers.

SMC Speed Controller FO-SMC Speed Controller ~ SMC Speed Controllerand  FO-SMC Speed Controller

Performance Indices and Synergetic and Synergetic FO-Synergetic and FO-Synergetic
Currents Controller Currents Controller Currents Controller Currents Controller
Overshoot (%) 1.15 1.15 118 115
nominal | ’ ’ ’ .
Overshoot (%)
double | 118 19 e "
Settling time (ms) 14 13 1 0.92
nominal | : ’ .
Settling time (ms)
double ] 15 1 . "
Steady state error (%) 0.07 0.07 0.06 0.06
nominal | ’ ’ ’ .
Steady state error (%) 0.08 0.07 0.06 0.06
double | ’ ’ 4 '
Speed ripple (rpm) 123.03 118.73 104.50 95.34
nominal |
Speed ripple (rpm) 149.25 148.16 120.85 83.09
double |
Torque ripple (Nm) 14.92 14.74 126.29 1471
nominal | ) ' ’ )
Torque ripple (Nm) 20.96 20.82 112.13 14.33
double |

It is obviously noticeable that the values obtained for the settling time are 0.92 ms under nominal
parameters of the PMSM, along with the other performance indices which can be considered as very
good for the FO-SMC speed controller and the FO-synergetic current controller. The PMSM used
in these numerical simulations is implemented in Power Systems/Simscape Electrical toolbox from
Simulink, and in many scientific papers it is used as benchmark, and, to our best knowledge, the
settling time of 0.92 ms obtained when using the FO-SMC speed controller and the FO-synergetic
current controller is the best settling time obtained for a usual range of the speed reference and load
torque, and for any other proposed controllers.

In addition, under the same conditions as a classic FOC-type control system of a PMSM, Figure 32
also shows an improvement in the THD of the currents in the PMSM supply phases. Thus, THD is
reduced from 50% to 22%. Obviously, for further reduction of the THD, additional specialized systems
as those presented in [42] can also be added.
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Figure 32. THD current analysis: (a) PMSM control system with PI speed controller and PI
current controllers; (b) PMSM control system with FO-SMC speed controller and FO-synergetic
current controllers.

8. Experimental Results

For the experimental validation of the simulations of the proposed PMSM control algorithms,
which were presented and validated by numerical simulations in the previous section, this section
presents the development platform used for their real time implementation in embedded systems.

The developed algorithms are implemented in MATLAB/Simulink and use dedicated functions
from specialized libraries in the Model-Based Design Toolbox S32K1xx Series which contains the
Automotive Math and Motor Control Library Set for NXP S32K14x devices, a toolbox which is dedicated
to the PMSM control.

The hardware platform dedicated for the PMSM control for the experimental testing of the
proposed algorithms is an S32K144 development kit which contains an S32K144 evaluation board
(S32K144EVB-Q100), DEVKIT-MOTORGD board based on SMARTMOS GD3000 pre-driver and Linix
457ZWN24-40 PMSM type. The controller of the development platform is S32K144 MCU which is of
32bit Cortex M4F type, which has a time base of 112 MHz with 512 KB of flash memory and 54 KB
of RAM.

There are also a number of dedicated hardware peripherals (FTM, ADC, PDB, PWM, timers)
for the PMSM control, common analog and digital I/O processing blocks, but also a wide range of
communication blocks which are common for the industrial environment. Among the communication
interfaces we mention OpenSDA serial debug interface, CAN controller with CAN-FD protocol.

Figure 33 shows an image of the experimental platform.

The software application block diagram of the implementation in MATLAB/Simulink and
Model-Based Design Toolbox S32K1xx Series NXP for the embedded system of the PMSM control
system is presented in Figure 34. The main blocks presented are: data acquisition and commands,
which is supervised by the dispatcher software interrupters, current controllers from inner loop and
speed controller from outer loop.
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Figure 34. Software block diagram of the implementation in MATLAB/Simulink and Model-Based
Design Toolbox S32K1xx Series NXP embedded system for PMSM control.

Figure 35 presents the block diagram of the software for the outer speed control loop
MATLAB/Simulink model utilizing the bit accurate models for the Automotive Math and Motor

Control Library Set for NXP S32K14x devices. The main blocks are: speed reference, initialization
speed loop, switching block output command, classical PI speed controller and FO-PI speed controller.
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The Discrete Zero-Pole function from Simulink [43] is used for the implementation of the FO-PI speed
controller described in Section 4. Equation (108), which represents the discrete form of the FO-PI speed
controller, is implemented through this function.

[Fa) Block Parameters: Discrete Zero-Pole X
DiscreteZeroPole

Matrx expression fo zeros, Vector expression for poles and gain. Output
width equals the number of columns in zeros matrx,or one I zeros is a
vector.

Main  State Attributes

Zeros:

[[0755 0.701 0.965 0.974 0,993 0995 0.996 1 1 1 1]

Poles:

[[0:997 0.9996 0972 0.965 0754 0.701 11 11 1] : FO-PISPEED CONTROLLER - EQUATION (108)
Gain:
[12031

Sample time (-1 for nherted): L m
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Figure 35. Software block diagram of the outer loop speed control MATLAB/Simulink model utilizing
the bit accurate models for Automotive Math and Motor Control Library Set for NXP S32K14x devices.

The inner loop for the current control runs every 0.1 ms and the outer loop for the speed control
runs every 1 ms. By comparison, each program implemented for numerical simulations, presented in
Section 7, runs at each 0.001 ms.

Based on FreeMaster, which is a real-time debugging monitoring software interface for data
visualization, configuration and tuning of embedded software applications, the next figure presents
the real time evolution of the parameters of the PMSM control system. For reasons of communication
between the FreeMaster software interface from the host PC and the controller of the PMSM,
the sampling time for the evolution of parameters in Figures 36—44 is 10 ms. Figures 36-38 present the
real-time evolution of the PMSM rotor speed with classical PI speed controller.

Figures 39-41 present the real-time evolution of the PMSM rotor speed with FO-PI speed controller.
The superior performance of the FO-PI speed controller is clearly noticeable.

The following figures show the real-time evolution of the main PMSM control parameters of
interest using the FO-PI speed controller. The real-time evolution of the stator currents are presented
in Figure 42, the real-time evolution of i; and i; currents are presented in Figures 43 and 44 presents
the real-time evolution of the electromagnetic torque.
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Figure 36. Real time evolution of the rotor speed of PMSM with classical PI speed controller for wyf =
1150 rpm and no load torque.
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Figure 37. Real time evolution of the rotor speed of PMSM with classical PI speed controller for wy,s
between 1150 rpm and 2000 rpm and no load torque.
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Figure 38. Real time evolution of the rotor speed of PMSM with classical PI speed controller for w;,s =

2000 rpm and no load toque.
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Figure 39. Real time evolution of the rotor speed of PMSM with FO-PI speed controller for w,,s = 1150
rpm and no load toque.
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Figure 40. Real time evolution of the rotor speed of PMSM with classical FO-PI speed controller for
@y between 1150 rpm and 2000 rpm and no load toque.
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Figure 41. Real time evolution of the rotor speed of PMSM with FO-PI speed controller for w,,s = 2000
rpm and no load toque.
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Figure 42. Real time evolution of the stator currents of PMSM with FO-PI speed controller.
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Figure 43. Real time evolution of the iz and i; currents of PMSM with FO-PI speed controller.
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Figure 44. Real time evolution of the electromagnetic torque of PMSM with FO-PI speed controller.

It can be noted that there is a similarity between the results obtained by numerical simulation in
Figure 13 for the control of the PMSM using an FO-PI speed controller, w,s = 2000 rpm and no load
torque, and the experimental results presented in Figures 42-44 concerning the stator currents, the
electromagnetic torque and i; and i, currents. Furthermore, Figures 36-41 show the superiority of
the FO-PI speed controller over the classic PI speed controller, in the case of implementation in an
embedded system.
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9. Conclusions

Based on fractional calculus, this article presents a number of fractional controllers for the
PMSM rotor speed control loops and iz and i; current control loops in the FOC-type control strategy.
The proposed system for the PMSM control is based on an FO-SMC speed controller and FO-synergetic
current controllers. Due to the additional control parameters generated in the structure of the fractional
order controllers, superior performances are obtained for the PMSM rotor speed control. In addition,
the sensorless-type PMSM control structure detects the faults of the current sensors and performs
a significant reduction in the THD. The parametric robustness of the proposed control system is
demonstrated by very good control performances achieved even when the uniformly distributed noise
is present in the load torque T, and under variations by 100% of the load torque Ty, of the moment of
inertia of | rotor and of the stator resistance R;. The performances of the proposed control system are
validated both by numerical simulations and experimentally, through real-time implementation in
embedded systems.
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