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Disturbance observer based discrete PI control system with back-calculation anti-
windup technique for improvement transient performance of PMSM

Abstract. In this paper discrete-time field-oriented control (FOC) for PMSM speed control
has been proposed. The cascade structure of the discrete-time PI-PI control system with
tracking back-calculation anti-windup scheme. The novel anti-windup scheme for both
loops has been adopted. Windup phenomena in traditional PI controllers have greater
negative effects on the transient performance in engineering applications such as PMSM.
In the real-time experiments, the proposed control system achieves less speed errors and
faster response. The experimental results have proved the feasibility of the proposed
control scheme.
Key words: PI controller, field-oriented control (FOC), permanent magnets synchronous
motor (PMSM), back-calculation algorithm, discrete-time PI controller, anti-windup
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Introduction

Permanent magnet synchronous motors (PMSMs) have been utilized in the various applications.
It is preferable due to its compact structures, high air-gap flux density, high power density, high torque
to inertia ratio; higher efficiency than other electric motors [1].

Due to so-called windup phenomena in traditional PI, the controller’s performance is not
satisfactory for PMSM drives applications. This phenomena is characterized by long periods of
overshoot, which results in poor control performance and even makes the overall system unstable.
Therefore, modern PI-PI control system for motor drives are typically equipped with various anti-
windup (AW) techniques to reduce integral effect on control system performance. The effectiveness of
back-calculation based tracking gains AW scheme’s performance has been experimentally demonstrated
among other anti-windup techniques such as, simple limited integration, limited output with dead zone
element, and conditioned integration with following applications such as angular position control of a
servo system [2] and for PMSM control [3].

PI speed controller equipped with anti-windup scheme demonstrates good performance in both
transient and steady-state times than with conventional forms [3]-[5]. However, PI controllers are
sensitive to model uncertainty which is a case in practical applications[6]. In addition, the tuning gains
of PI controller is tedious and time-consuming work. The defining of optimal gains for PI-PI control
system based on analyzing plant’s dynamics with step response method is most common among others
[4].

In this paper cascade discrete PI-PI control has been utilized. While, the inner loop controls
armature currents/torque whereas outer loop regulates the speed of motors by providing the
current/torque reference [6].

Motivated by [3] in this study, PI-PI control scheme with novel anti-windup algorithm has been
proposed for the PMSM speed regulation. The tracking back-calculation anti-windup scheme has been
adopted and applied for both loops of the control system to compensate windup phenomena with aim
of improving transient performance and achieving asymptotic stability of the closed-loop system. The
discrete-time PI-PI control system are equipped with discrete-time tracking anti-windup scheme to
handle windup phenomena.
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Surface mounted pmsm system

A. Electrical subsystem model of pmsm
The electrical model of the machine contains the equations for the stator current, stator flux and
electromagnetic torque.

PMSM’s stator d-q voltages are:

ayv ,
Vd = d_td - (l)ell'pq + RSld (1)

Vy =0+ weWy + Ry 2)
we; — electrical speed, rad/s
lq —g-axis current, A
iy —d —axis current, A
W4 and ¥, - d-axis and g-axis magnetic flux linkages
R — stator resistance, Ohm

L — stator inductance, H

In the equations above it is the cross couplings of the two magnetic flux variables that stand out.
Furthermore, the magnetic flux in the d- axis ¥, acts positevely on the voltage V,;, and the magnetic flux
in the g-axis ¥ acts negatively on the voltage V.

The magnetic flux linkages are defined as
l'pd = Ldid + ATTL (3)
W, = Ly, (4)
Am— permanent magnet flux coefficient, Wb

The equation (3) demonstrates that the permanent flux is only aligned with the d-axis.

B. Torque subsystem model of PMSM
The voltages produced by w, ¥, and —w,;'¥, corresponds to the back-emf in the system.

Py = _weltpq g+ wellpdiq ®)
Where the mechanical rotor shaft speed can be converted to electrical one through the expression
Wep = ZpW (6)
z, — number of poles,

Taking into consideration that with W;i, and ¥,i; we are dealing with the peak value, it is then
possible to compute the mechanical value of the active power using the following equation:

3 . .
P, = Ezpa)(—‘qud + Wqig) 7)
From definition of torque as related to power, the electromagnetic torque can be derived as
3 o .
T, = Ezp[(Ld - Lq)ldlq + Amiql 8)

For the torque subsystem the following equations apply. The mechanical or produced torque
considers losses due to friction, viscosity, and drag resulting from time-varying flux. The total torque, T
is difference between mechanical torque, T, (minus mechanical losses) and load torque, T;.
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Total torque is

T=T,—T, )
Ty, — rated load torque, Nm
Mechanical torque is
Tn = Te — Trriction — Tviscous — Taw (10)
The torque losses due to friction is
Trriction = (Cpy + Cr)sign(w) (11)
C¢ — static moment of friction, Nm
Chy — hysteresis losses coefficient, N-m
The torque losses due to viscousity is
Tyiscous = (Cea + D) (12)

The torque losses due to time-varying flux in the PMSM is

(13)

Ceq — eddy currents coefficient, Nm/(rad/s)

deq — damping coefficient due to eddy currents Nm/(rad/s).
d — viscous damping coefficient, Nm/(rad/s)

® —mechanical speed, rad/s

W4q — d-q frame magnetic flux linkage, Wb.

C. Mechanical subsystem model of PMSM

Using equations (9) - (13) mechanical subsystem can be expressed as

dwm,

T:] dt

(14)
] —rotor inertia, kg-cm?
From this mechanical speed of the rotor shaft of the PMSM system can be expressed as

B Ezp/lmi 3 (Chy + Cf)sign(a)m) 3
2 ] J
dl:?qx“’dq
ed 2
Ceatd) |\ el T
J J J
V= wn

The highly complex PMSM system should be controlled with sophisticated control system. The

Om

(15)

ordinary PI controller does not satisfy to the performance requirements in terms of overshoot and
dynamic response due to so called windup phenomena.

In this control system, the time varying magnetic flux due to eddy currents, friction and hysteresis
cause torque losses, which are also considered in the motion equation. The eddy currents are induced
when a nonmagnetic, conductive material is moving in a magnetic field [7]-[9]. The eddy currents
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circulate in the rotor’s conductive material and dissipate causing a repulsive force between the magnet
and the conductor. Hence, the mechanical or produced torque considers losses due to static moment of

friction, hysteresis, and time-varying flux.

Control system design

B. Discrete-time cascade pi-pi control system

For the speed regulation of the PMSM'’s parameters are not needed due to model free nature of PI
control algorithm. Then PI-PI cascade closed-loop control is sufficient to achieve satisfactory performance
for speed regulation (Figure 1). The control objective in this case is to achieve a specified tracking

performance by means of the PI controller and facilitate zero errors in finite time.

wq ® @ El’«.«@ iy Va |

Ve

Figure 1. Discrete-time cascade PI-PI control system for PMSM speed regulation

The speed loop controller as well as currents controllers can be formulated with the following formulas

based on Figure 2.

.'- Kp=—
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Figure 2. Discrete-time PI controller with tracking anti-windup scheme

|inSat = 0|, and |inAW = 0| {out = 0} (3)
linSat = FSat|, and |inAW > FAW| {out = FSat} 4)
linSat < FSat| and |inAW > FAW|,
{out = BK, — (FAW)} (5)
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|inSat < FSat|and |inAW < AW|,

~ 11 ~ 1 ~
out = ®K, — (E;Kpinst + (5 Kpi WK, Ts +
~iNAW — ~ eSatKpqc — > €AW))

where
inSat — input of saturation block
+Sat — output of saturation block
out — output of PI controller
inAW — input of anti-windup block
+AW - output of anti-windup block
eSat — error of saturation block
eAW - error of anti-windup block
® — speed error, RPM
K, — proportional gain
K, — proportional-integral gain
T; — sampling time
i — unit delay

Kpack — back-calculation gain

Experimental results

For the experimental setup DSP based “Controlled permanent magnet servo drive with
MATLAB/Simulink 300W” (manufactured by Lucas-Nuelle gGmbH) was used to test the proposed PI-PI
control system with tracking anti-windup scheme. The experimental setup comprises surface mounted
type PMSM that coupled with 1024 pulses incremental position encoder and servo-machine operated with
ActiveServo software acting as a load. The control algorithm is written in Matlab/Simulink (R2016b)
environment then the code generated by Code Composed Studio 5 is sent to servo-converter for real-time
experiment control. Note, after loading the code, no modification of gains is allowed. For a new
configuration and modification of gains, the code generation has to be performed again. The switching
period of the self-commutated converter is set to 125 ps. The control routine frequency for the pulse width
modulation technique (PWM) in the inverter is set to 8 kHz. The parameters of the PMSM are listed in
Table 1.

To confirm the effectiveness of the proposed control system design, let us consider a prototype of
SPMSM with the following nominal parameters given in Table 1.

Table 1
PMSM nominal parameters

Motor parameters Symbol Value
Rated speed nn (RPM) 6000
Rated torque M (Nm) 0.97
Rated power Pn (W) 300

Torque constant Kirms (NmM/A) 0.41

Voltage constant Kerms (Nm/A) 26.1

Permanent magnetic Am (Vs) 0.089

flux coefficient
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Winding resistance R; (Ohm)
Ph-Ph
Winding inductance Ls (mH)
Ph-Ph
Rotor’s moment of J (kgem?)
inertia
Number of poles Zy
Static moment of Cs (Nm)
friction
Hysteresis losses Chys (Nm)
coefficient
Viscous damping b (N-m/(rad/s))
coefficient
Eddy currents Ceq (Nm/(rad/s))
coefficient
Eddy currents d.q (Nm/(rad/s))

damping coefficient

4.74

8.6

0.33

0.014

0.08

0.002

0.0015

0.003

A space vector pulse width modulation (SVPWM) technique is used to regulate the phase currents
flowing into the PMSM. For evaluation of performance of the proposed control scheme, in this paper, the
experimental results of the baseline controller without HODO are compared with the results of the
proposed HODO based PI-PI control system with tracking anti-windup scheme utilized. Two cases with
speed variation and load torque disturbance have been investigated.

Control system’s parameters

Table 2

Controllers and Observers

Parameters and Gains

Speed controller PI gains

Current controllers PI gains

K, = 0.057, K; = 0.04

K, =17.1, K; = 0.0018

Case 1: Speed Transient Response with nominal parameters
1) The desired speed (wq): 300 RPM — 600 RPM.

2) Constant load torque T, = 0.5 Nm.

3) No load torque disturbance.

Case 2: Load Torque Transient Response

1) The desired speed wq = 500 RPM.

2) Load torque disturbance T, = 0.3 Nm — 0.5 Nm.

The round or trapezoidal shaped reference speed has been chosen for PMSM, as it is more
effective against wear of mechanical coupling of the prototype PMSM like in the industrial applications
[10]. However, the load torque disturbance has been applied as step-wise.
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Traditional discrete-time PI controller has been equipped with tracking back-calculation anti-
windup scheme to improve transient performance PMSM system. The speed response and the references
currents have been plotted for graphical evaluation purposes.

Figs. 3-8 show the experimental results of the proposed control method under two operational cases
to assess its performance . The currents and the voltages have been measured and converted to d-q frame
(igss1dss Vgs: Vas)- The mechanical speed of PMSM (w) as well as its tracking error (@) have been shown
and compared with their reference values. Figures 3, 4, and 5 are results under conditions in Case 1, while
Figures 6, 7, and 8 are results obtained under operation conditions in Case 2. The detailed performance of
the proposed control design is summarized in Table 3. The experimental results shown below are assessed
by the maximum angular shaft speed errors, settling time and absolute mean mechanical speed error. The
maximum angular shaft speed errors are 42 and 17 RPM for Case 1 and Case 2 respectively. While the
settling time 0.3 and 0.17 seconds, the absolute mean mechanical speed errors are 1.4838% and 0.172%
respectively. The control inputs V45 and V45 under operational conditions in Case 1 and Case 2 have been
demonstrated in Figures 5 and 8.

Table 3

Performance of the proposed discrete-time PI-PI with tracking back-calculation anti-windup control
scheme for both loops

Criteria and cases PI with anti-windup
Maximum angular shaft speed Case 1 42
error, RPM Case 2 17
Settling time, s Case 1 0.3
Case 2 0.17
Absolute mean of the mechanical Case 1 1.4838%
speed error, % Case 2 0.172%

In the PMSM system, the pulsating torques can be seen in the d-q currents plots as well as they are
reflected in PMSM angular shaft speed response. The origin of these ripples may come from cogging
torques associated with the shape of th rotor of the machine, but also high-frequency electromagnetic
noise associated with switching time periods in the power converter. The minimizing the current ripples
in the PMSM prototyping kit will be sought in future research.
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Figure 3. Experimental results of the proposed control for Case 1. (a) Mechanical speed response of
PMSM; (b) Mechanical speed errors.
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Figure 4. dq-axis currents of the proposed control for case 1. (a) igs and its desired value igeq; (b) igs

and its desired value iggq.
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Figure 5. dq-axis voltages of the proposed control for Case 1. (a) control input on q-axis Vg; (b)

control input on d-axis Vgs.
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Figure 6. Experimental results of the proposed control for Case 2. (a) Mechanical speed response of
PMSM,; (b) Mechanical speed error.
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Figure 7. dq- axis currents of the proposed control for Case 2. (a) igs and its desired value igsq; (b) igs
and its desired value iggq.
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Figure 8. dq- axis voltages of the prposed control for Case 2. (a) control input on q-axis Vg; (b) control

input on d-axis V.

Conclusion

In this paper, field-oriented control based discrete-time PI-PI with tracking back-calculation anti-
windup scheme is proposed. The cascade discrete-time PI-PI control structure with novel anti-windup
scheme has been adopted for both loops. Unlike traditional PI controllers, the proposed controller can
significantly improve the performance of PMSM system under speed and load torque variations. As the
currents ripples are unavoidable, their reduction will be considered in future works.
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b. CapcemOaeB
Hasapoaes Ynusepcumemi, Hyp-Cyaman, Kasaxcman

TMCDK-HiH eHiMaiairiH )XaKcapTy yIIiH KOHTpOAAepAiH aybITKyFa Kapchl Kepi ecenitey
aaropurMi K0aJaHraH KeAepriaepai 6akplLaaymibira HerisgeareH anckperti PI 6ackapy xyiteci

Anpaarma. bya sxympicTa TypaKThl MarHMUTTI CMHXPOHABI ®aeKTp KosraaTkpim (TMCDK)
KbIAJaMABIFBIH OacKapyfa apHaAfaH AMCKPeTTi yaKBITTBIK epicTik Oargapaay OackapyawiH (Obb)
HerisziHae ycpIHbIAARL KaliTa ecenreseriH aybITKyFa Kapchl cxemachl Oap Auckperti yakprrter [TV-TTN
Oackapy >KyJlleciHiH KacKagThl KYPBIABIMBI KOAAaHABL Eki 1m1eHOep yIIIiH Je aybITKyFa Kapchl >KaHa
cxeMa KabOwlagasHawl. Jacrypai IV xontpoasepaepingeri erneai KyObiabictappl TMCOK cnmskTb
UIDKEHepAik IelriMJepae ©TIeai >KYMBICBIHA YAKeH Tepic oacep ereai. HakTel  yakpITTarsl
DKCIIepUMeHTTepAe YChIHBIAFaH OacKapy >Kyileci a3 KaTedikKe >KoHe >KbligaM >Kayall Oepyre K04
KeTKizeai. ToxxipubOe HaTMKeAepi yChIHBIAFaH OaKblaay CXeMacChbIHbIH OPBIHABLABIFBIH A91€AAeAl.

Tyitin cesaep: TypakTbhl MarHUTTEP CMHXPOHABI 9AeKTp KosfaaTkpil (TMCDK), xepi ecentey
aaroputmi, PI auckperri koHTpOA2€eD.

b. CapcemOaeB
Hasapbaes Ynusepcumem, Hyp-Cyaman, Kasaxcman

AuckpetHast cuctema IIV-peryanpoBaHisi ¢ TeXHUMKOV OOpaTHOTO BBIYMCAEHNs Ha
OCHOBe Ha0aA104aTeAsl BO3MYIICHNII 4451 yAy4YIlIeHs IepexX0AHbIX XapakTepucTuk B COIIM

Annoramms. B 9Toit cratbe OBLAO HIPeAJ0KeHO yHpaBAeHHe C AMCKPeTHBIM BpeMeHeM,
opuenTuposanHoe Ha roae (YOII) aaa ynpasaenns ckopocreio COIIM. Kackagnast crpyKrypa cucreMbl
ynpasaenus PI-PI ¢ anckpeTHbIM BpeMeHeM 1 cXeMOJi aHTH-BUXpeBaHUe C OTCAeXKMBaHMeM OOpaTHBIX
BpIYMCAeHMII. Bplaa mpunsTa HOBas cxeMa HpeJOTBpallleHMs 3aKpydMBaHUSA A4 OOOMX KOHTYPOB.
SIBaeHMe 3aKpyTKM B TPaAMIIMOHHBIX KOHTpoaaepax Pl mmeer Ooabliiee oTpuiiaTreabHOe BAMSHUE Ha
IlepexoJHble XapaKTepUCTUKI B MHXKeHEepPHBIX NpuaokeHus:x, Taknx kak COIIM. B skciepumenrax B
peXuMe peaabHOIO BpeMeHM IIpejJaraeMasl cucreMa ylpaBAeHns odecriednBaeT MeHbllee KOAN4eCTBO
ommbOK cKopocT u 0Ooaee ObICTPYyIO peaknuio. Pe3yabTaTbl ®KCIIEPUMEHTOB IOATBEPAUANU
peaansyeMocCThb IpeAA0KeHHON CXeMBbl YIIpaBAeHI:L.

KaroueBple ca0Ba: CUHXPOHHBIN 5A€KTPOABUIaTeAb C IIOCTOSIHHBIMM MarHmuTamu (COIIM),
aATOPUTM OOpaTHOTO BhIUMCAeHMs, AucKpeTHbIN IIV-peryasrop.
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