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ABSTRACT: The nonlinear controller for the wide speed range activity of the internal
permanent magnet synchronous motor (IPMSM) drive is presented in this study. It is based on
third harmonic infusion (THI). Steady engine boundaries result in an inappropriate regulator
execution due to appealing immersion. Accordingly, a flexible nonlinear regulator based on back
stepping is developed for an IPMSM drive in order to achieve high power execution while
adjusting to boundary vulnerabilities. To increase the DC transport use and provide a wider
working tempo range, a sinusoidal THI method is coordinated. Using the hesitancy force and
field debilitating, the field control provides a wider speed range. The Lyapunov solidness
measure is used to demonstrate the security of the control law state factors, and Barbalat's lemma
is used to ensure the drive's global asymptotic steadiness. The suggested drive's viability is tested
through simulation. The suggested THI-based nonlinear regulator is shown along with a
nonlinear regulator without THI and a conventional benchmark-tuned PI regulator. Fast
intermingling to order speed, decrease in speed motions over the appraised speed and an obvious
decrease in stage current with THI is accomplished through the proposed drive.
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LINTRODUCTION: The interior permanent magnet synchronous motor (IPMSM) has been
becoming a popular choice for ac drives as it offers high efficiency, low noise, robustness, high
power density and small air gap [1,2]. IPMSM machines are particularly attractive due to rotor
construction, as it offers magnetic saliency due to the arrangements of the magnets (either axially
or radially) which results additional torque known as reluctance torque [3]. Due to nonlinear
behavior of winding currents, magnetic saturation of the rotor core, cross coupling effects, and
parameter dependency on temperature variations, the effective control of high performance drive
is affected [4,5]. System performance degrades with the classical PI controllers having constant
gains [6,7]. In order to ensure proper control during full operating speed of the machines, motor
parameters must be estimated online.

Adaptive back-stepping is well suited for this purpose where system nonlinearities and
uncertainties have been incorporated in the design stage which tend to vary with operating
conditions [8,9]. Magnetic saliency features of the IPMSM are used to indirectly control the d-
axis flux by controlling d-axis current [10]. To linearize torque equation, is considered zero by
most of the researchers which simplifies supervision technique but resulting higher resistive
losses and poor efficiency at light loads [11]. Moreover, with =0 control techniques, motor air-
gap flux cannot be controlled which restricts the operating speed of the motor to rated speed and
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the reluctance torque cannot be utilized. By employing maximum torque per ampere (MTPA)
and field weakening (FW) techniques motor can be operated over wide speed range [12-14]. But
both MTPA and FW schemes are parameter dependent and hence, the performance is affected by
the variations of d-axis and g-axis inductance unless these parameters are estimated online.
Therefore, a control technique is required for variable speed drives where speed should follow
the specified reference trajectory, regardless of load disturbances, parameter variations and
model uncertainties. In [14] FW control strategy of IPMSM is proposed to achieve constant
output power but the motor parameters remain constant which degrades the drive performance.
Authors in [15] reported MTPA and FW algorithms to expand the operating speeds but it does
not mathematically demonstrate the global asymptotic stability.

In most drive systems, modulation index (M) higher than one is undesirable as it causes the
increased low frequency and baseband distortion in the phase current [16]. To avoid phase
currents baseband distortion, linear modulation region is preferred by the researchers for pulse
width modulation (PWM) based control schemes where 86.67% inverter supply potential is
utilized for motor lineline potential [17]. Keeping control schemes in linear modulation region,
inverter DC bus voltage utilization can be increased by 15.47% incorporating third harmonic
injection (THI) which reduces the magnitude of the phase voltages [20]. In most cases the dc-
link voltage of the inverter has lot of ripple as it is obtained from an uncontrolled rectifier fed by
an alternating current (AC) source with peak voltage equals to that of the rated motor voltage. If
THI is not used, the controller drives the converter outside of the linear modulation region, and
hence, the control gets saturated during each PWM cycle and harmonic content is increased. If
the third harmonic injection is utilized, it operates the converter within linear modulation range
and cancels some harmonic content of the inverter output voltage and thus, the rotor flux aligns
better with the controller reference frame which results in reduction of speed and torque ripples
Therefore, in this paper a nonlinear speed controller coupled with sinusoidal THI is presented to
achieve less speed ripple through reduction in stator current harmonics with increased inverter
supply utilization. Existing nonlinear controllers didn’t consider the variation of all motor
parameters such as temperature fluctuations that alters the effective drive performance [22]. In
this work the robustness of the controller is achieved by online estimation of stator resistance,
load torque and d-q axis inductances through adaptive back stepping technique. The global
asymptotic stability is assured through the application of criterion supported by Barbalat’s
lemma. Simulation results confirm the robustness, higher operating speed range with less speed
oscillations, reduction in stator current and lowest torque ripples for the proposed THI based
nonlinear control scheme as compared to the MLI, classical PI control and nonlinear control
without THI.

ILLITARATURE SURVEY:

Tianfu Sun, MikailKoc, and Jiabin Wang, Due to parameter variations with stator currents,
the derivatives of machine parameters with respect to current angle or d-axis current are not zero.
However, these derivative terms are ignored by most of mathematical model based efficiency
optimized control schemes. Therefore, even though the accurate machine parameters are known,
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these control schemes cannot calculate the accurate efficiency optimized operation points. In this
paper, the influence of these derivative terms on maximum torque per ampere (MTPA) control is
analyzed and a method to take into account these derivative terms for MTPA operation is
proposed based on the recently reported virtual signal injection control (VSIC) method for
interior permanent magnet synchronous machine (IPMSM) drives. The proposed control method
is demonstrated by both simulations and experiments under various operating conditions on
prototype IPMSM drive systems.

Md. Mizanur Rahman and M. Nasir Uddin, This paper presents a novel direct torque and flux
control (DTFC) scheme of interior permanent magnet synchronous motor (IPMSM) drive. The
conventional six-sector based DTFC scheme is modified with the proposed eighteen-sector based
DTFC scheme in order to reduce the torque/flux ripple of the drive. Furthermore, the motor
efficiency is optimized by reference flux estimation through an online loss minimization
algorithm (LMA) so that the motor operates at minimum loss condition, which is not possible for
conventional control where the reference flux remains constant. The complete drive is simulated
using MATLAB/Simulink software and then a prototype is implemented using digital signal
processor (DSP) board DS1104 for a laboratory 5-hp motor. Performance of the proposed DTFC
scheme is investigated extensively at different operating conditions in both simulation and
experiment. It is found from results that the proposed eighteen-sector based DTFC scheme
incorporating LMA achieves the lowest possible torque ripples in steady state while maintaining
high efficiency.

III. PROPOSED SYSTEM:

Therefore, in this paper, a nonlinear speed controller coupled with sinusoidal THI is presented to
achieve less speed ripple through reduction in stator current harmonics with increased inverter
supply utilization. Existing nonlinear controllers did not consider the variation of all motor
parameters, such as temperature fluctuations that alters the effective drive performance [22]. In
this paper, the robustness of the controller is achieved by online estimation of stator resistance,
load torque, and d—q axis inductances through an adaptive backstepping technique. The global
asymptotic stability is assured through the application of criterion supported by Barbalat’s
lemma. The effectiveness of the proposed drive is experimentally verified for a laboratory 3.73
kW motor using a DSP board DS1104. Both simulation and experimental results confirm the
robustness, higher operating speed range with less speed oscillations, reduction in stator current,
and lowest torque ripples for the proposed THI-based nonlinear control scheme as compared to
the classical PI control and nonlinear control without THI.

Considering sinusoidal induced EMF with no damper winding on rotor and negligible core
losses, state model of an IPMSM drive is derived from synchronous machine can be obtained by
as follows [23]:
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dig 1 . p
W—f[l)d-Rsld‘f‘Pw,.quq] (l)
di .
= [u sig-Pw, Lyiq-Pw, ] (2)
dw
—' == [T -T},-B,w,] (3)
3P : ' 3
TOZT[lplq + (Ld - Lq)ldlq] (4)
T,=T, + B,,w, + Jw, (5)
where, , are d-q axis components of stator voltages; , are d-q axis components of stator
currents; , are d-q axis components of stator inductances; is rotor magnetic flux linkage; P is

the number of motor pole pairs; is the actual rotor speed; is the stator per phase resistance ;
is the electromagnetic developed torque; is the load torque; J is the rotor inertia constant and,
Bm is the friction damping coefficient. Flux weakening technique involves d- and g-axis
current interacting components; reluctance torque as shown by the second term of Eqn.(4) which
provides the exact speed control over an extended operating speed range [11]. Due to nonlinear
nature and variations of dynamic operating conditions, motor parameters are not constant.
Traditionally,  is controlled to control the motor speed while is maintained zero to make
controller development easier. However, with this assumption motor cannot be operated above
rated speed as the flux cannot be controlled for IPMSM and at the same time reluctance torque
cannot be utilized. For expanded operating region, MTPA is utilized to determine d-axis current
within the rated speed and FW above the rated speed while parameters are estimated online.
Control laws for d-q axis command voltages are achieved through the proposed nonlinear
controller. Furthermore, PWM technique is used where sinusoidal THI is applied for translated
d-q axis command voltages with the scaled third harmonic [31].

. Controller Design

Motor actual speed converges to the command speed and speed tracking is achieved where error
dynamics (speed) is specified as:

e, =W, ~W, (6)
Where, ew = speed error and = speed reference. Then, from (3), and (6) one can get:
1 P ... : 2
€=, [Bnw, + T, == (ig + (La — Lg)iais)) (7)

Where, = rate of change of speed error (error dynamic). To fulfil the speed tracking objectives,
derivative of the initial Lyapunov function, is given by:

V=e,€,="2 [Bnw, +T, — 5 Wig + (La — Lq)iais)] (8)

To ensure the stability of (8), and is identified as virtual control variable. The stabilizing
function and are selected such that (8) becomes negative semi-definite. Initially, the
reluctance torque is neglected ( =0) to ensure the stability of (8) and is chosen as:
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ig’=0 and i, = ﬁ(amwr +T, + k,Je,) (9)

where, is closed-loop feedback gain, and is the command currents, replacing (9) into (8):

7 2
V=-k,e; (10)
Speed tracking requirements of (10) are fulfilled assuming . For proper tracking,
corresponding current error variables are defined as:
€q=lgq ~lq (11)
__ e g "
€q=lg ~lq (12)
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Fig.1: Sinusoidal third harmonic injection based nonlinear control of IPMSM drive for wide speed range operation.

For stabilizing the derivatives of the error dynamics of (11) and (12) are defined as:

e'd=i[Rsid — Pw,Lyi, — v4] (13)
Z(Bm_kw/) 1 . 5
eq = TW(T" - TL - Bmw,-) + E(Rslq + Perdld +

Pw, —v,) (14)

Temperature variation affects the stator resistance and due to magnetic saturation of the rotor
core, the air gap flux linkage changes which mainly affects the value of g-axis inductance thus
the value of  should be estimated online in order to achieve the desired tracking objectives.
Thus, variation of d-axis inductance and stator resistance should be estimated online. The
estimation of unknown parameters can be done by exploiting the features of adaptive
backstepping approach. Precise tracking also needs load torque estimation to adapt with
changing loading conditions. Therefore, parameters are estimated adaptively as:
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=5 =1 (15)
e =L, —L, (16)
G = Ti - TL (17)
er = R, — R, (18)
Where the estimated d- and g- axis inductances; , are the estimated load torque and

estimated stator resistance. New Lyapunov function including the speed, currents and estimated
quantities can be defined as:

1 1 1 1 1
Vi=-(e2 +e,° +e,’ +—ep+—el+—ef +—ep) (19)
: 2( @ . 1 n? iy @yl Ty, R)
The derivative of the Lyapunov’s function in (19) is as follows:
y . ; 1 . 1 .
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To establish the global asymptotic stability of the drive, control voltages and are chosen from
(20) by setting the terms multiplied with the d-axis current error (eq) and gaxis current error (eq)
to zero so that the derivative of the Lyapunov’s function ( e; ) becomes negative definite.

Vg = R id - Pw,.zqiq + Kdedzd +%Zd(zd - zq)iqew (21)

2Lq(Bm - kw]) &\ . ~
Ve =00 (zp + (Lg — Lg)iqiy) — Ty — Bpw, ]+
P s . — 3P —
+R,i, + Perdtd +Pop + KeegLy + e, Ly (22)
where, , and are closed-loop feedback constants and , , and are adaptive gains. The

values of the closed-loop feedback constants and adaptive gains constants are selected by trial
and error method so that at rated condition drive system follows the command speed while the
updated motor values are close to the nominal values [32]. Substituting (21) and (22) into (20),
parameters are predicted online based on adaptive back stepping can be defined as:
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The parameter adaptation laws are implemented using the expressions in (23) to (26) to get the
estimated values ( , and ). Based on command voltages as defined in (21) & (22) and

update laws from (23) to (26), the Lyapunov derivative in (20) can be shown to be negative
semi-definite with bounded state variable as:

Vi=-kyel-Kqeq -Kye,’< 0 (27)

Three criterion of Barbalat’s lemma principle is used to establish asymptotic stability of the
controller [24-25], and then applied to the (27). Validity of the conditions is checked as:

(19) cannot be less than zero; it is lower bounded. (b) (27) is negative semi-definite and less than
or equal to zero. (c) (27) is a continuous function of time as it is a bounded function.

Then consequently, control laws are validated and global asymptotic stability of the proposed
system is verified.

IV.SIMULATION RESULTS

<Timt] Cumids
“ wrz

wr
wr 2
™ ool e e > Ceneratnrt B
Generanr ,I—P'?—‘» i vz e A
L o .
e = o m
i 0 L (Y S =
— EQR1}& B2
Eg. (9 & 33) tqlkal v Ve [ -

SPUSONE]  mum level mwener 1 Pemmanent kaget
THrd HammonE Synenronous Mackine

14

e
s
I

onor sead wen {radisE

PROPOSED SIMLINK DIAGRAM

PAGE NO: 34



Journal of Engineering and Technology Management 66 (2022)

=

MULTI LEVEL INVERTER

PAGE NO: 35



Journal of Engineering and Technology Management 66 (2022)

Fig. 3. Estimated and actual parameters. (a) Load torque and stator resistance. (b) d- and g-axis
inductance.

V.CONCLUSION

This work presents a new sinusoidal third harmonic injection based nonlinear control of
IPMSM drive that incorporates parameter uncertainty and field control. The stability of the
control laws is confirmed using Lyapunov's stability criterion, which is backed by Barbalat's
lemma, and an adaptive controller has been created taking into account all system nonlinearities.
To improve the use of DC bus voltage, sinusoidal third harmonic voltages are introduced. To
guarantee the use of reluctance torque below the rated speed and field weakening operation
above the rated speed, field control is integrated. It has been confirmed that the suggested THI-
based nonlinear control of the IPMSM drive is superior to the traditional benchmark tuned PI
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controller and nonlinear controller without THI in terms of load disturbance rejection and
decreased steady-state speed oscillation under various operating conditions, both in simulation
and in real time. Additionally, by lowering stator currents, the suggested controller reduces
power losses. Simulation has confirmed a noticeable decrease in phase current with THI, a quick
convergence to command speed, and a decrease in speed oscillations over the rated speed.
Therefore, it has been determined that the suggested THI nonlinear controller based IPMSM
drive is a viable option for real-time industrial drives in order to get good dynamic performance
throughout a broad speed range.

REFERENCES

[1] Tianfu Sun, MikailKoc, and Jiabin Wang, ‘‘MTPA control of IPMSM drives based on virtual
signal injection considering machine parameter variations,”” IEEE Transactions on Industrial
Electronics, vol. 65, no. 8, pp. 6089-6098, December 2017.

[2] Md. Mizanur Rahman and M. Nasir Uddin, ‘A novel DTFC based IPMSM drive with
improved efficiency and dynamic performance,” IEEE Industry Applications Society Annual
Meeting, pp. 1-8, Portland, USA, October 2016.

[3] M. A. Rahman, M. Vilathgamuwa, M. Nasir Uddin, and K. J. Tseng, ‘‘Nonlinear control of
interior permanent magnet,”” IEEE Transactions on Industry Applications, vol. 39, no. 2, pp.
408-416, March/April 2003.

[4] T. Morimoto, M. Sanada, and Y. Takeda, ‘“Wide-speed operation of interior permanent
magnet synchronous motors with high-performance current regulator,”” IEEE Transactions on
Industry Applications, vol. 30, no. 4, pp. 920-926, July/August 1994.

[5] T. Sun, J. Wang, and M. Koc, ‘‘Self-learning direct flux vector control of interior permanent
magnet machine drives,”” IEEE Transactions on Power Electronics, vol. 32, no. 6, pp. 4652-
4662, June 2017.

[6] C. B. Butt, M. A. Hoque, and M. A. Rahman, ‘‘Simplified fuzzy-logicbased MTPA speed

control of IPMSM drive,”’ IEEE Transactions on Industry Applications, vol. 40, no. 6, pp. 1529-
1535, Nov./Dec. 2004.

[7] J. Soltani and M. Pahlavaninezhad, ‘‘Adaptive backstepping based controller design for
interior type PMSM using maximum torque per ampere strategy,”’ International Conference on
Power Electronics and Drives Systems, vol. 1, pp. 596-601, November/December 2005.

[8] R. Marino, S. Peresada, and P. Valigi ‘‘Adaptive input-output linearizing control of induction
motors,”” IEEE Transactions on Automatic Control, vol. 38, no. 2, pp. 208-221, February 1993.
[9] S. Hossain and U. Deshpande, ‘‘Modeling of practical nonidealities in a permanent magnet
synchronous motor drive,”’ 38th IAS Annual Meeting, vol. 3, pp. 1941-1945, October 2003.

[10] M.Karabacak and H. Eskikurt, ‘““Speed and current regulation of a permanent magnet
synchronous motor via nonlinear and adaptive backstepping control,”” Math. Comput. Model.,

vol. 53, pp. 2015-2030, 2011.

PAGE NO: 37



Journal of Engineering and Technology Management 66 (2022)

[11] N. Bianchi, S. Bolognani, and M. Ziggliotto, ‘‘High-performance PM synchronous motor
drive for an electrical scooter,”” IEEE Transactions on Industry Applications, vol. 37, no. 5, pp.

1348-1355, Sept./Oct. 2001.
[12] J. S. Ko, Jung-Sik Choi, and D. H. Chung, ‘‘Maximum torque control of an IPMSM drive

using an adaptive learning fuzzy-neural network,’’ Journal of Power Electronics, vol. 12, no. 3,

pp. 468-476, May 2012.

PAGE NO: 38



