3.2 Control Design

A design of the above mentioned digital controller is based on computer modeling and
frequency-domain (small-signal) and time-domain (large-signal) smulation analyses of the PMSM
drive system. Two different control methods for each, current and speed control of the VS| fed
PMSM drive system, are analyzed in this chapter. The difference between the two current control
methods is related to the existence of the motor back emf elimination in the decoupling circuit.
The discussed speed control methods are:

- commonly used control with saturated (open) speed loop and closed current loop control
with static Pl regulators, designed to respond to the worst case operating conditions, and

- an adaptive controller design, interesting especially for the active load applications, with
closed (non-saturated) outer (speed) loop and inner (current) loops, based on the estimation of
the load torque slope. The realization of the latter will be discussed in detail.

In principle, adigital feedback current control in d-q space is based on the generation of d
and g components of the phase switching duty-cycle signals according to the difference between
the current reference and current feedback signals, Figure 15 [57]. The current feedback signals
are measured on the PMSM terminads, then filtered, digitally normalized and transformed to d-q
coordinates. Characteristic digital effects are considered through the approximation of A/D and
D/A sampling and zero-order-hold delays in addition to the delay due to the VSI switching. The
current reference signal can be ether derived from a reference torque profile, which can be
independently defined (torque control without the speed loop), or it can be generated from the
output of the speed controller (control with closed speed loop) [52, 57]. In both cases, reference
d- and g-axis currents can be modified through the flux-weakening control algorithm for the over-
rated speed extensions [63-71], asit isthe case in this application. The d-q duty cycle signals from
the controller output are transformed to the two-phase stationary (a- b) coordinates and are used
as reference signals for the PWM modulator to provide the switching impulses to VSl gate
drivers, according to a chosen modulation scheme [76, 78]. A resulting line-to-line voltage on the
AC output of the VSl produces the PMSM stator currents, which normalized d-q components
follow their d-q references [20, 50, 53, 60].
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b) A closer look to the current controller

Figure 15. Two stage cascade controller block diagram
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The current controller includes two closed current loops in d- and g-axis with variable
limit Pl regulators (VLPI), voltage and current limiters and a decoupling circuit. The VLPI
regulators are Pl regulators with implemented integrator reset loops, which close only when the
regulator outputs are saturated [79, 80]. A small-signal design of the current regulator Pl gainsis
based on the linearization of the model at several operating points, under artificialy provided
steady-state conditions. The steady-state conditions, which are never reached in reality during the
start-up process (except at zero and final speed), are smulated by artificialy adding a constant
value to the load torque profile, equal to the motor-load torque difference, i.e. accelerating torque
at a particular operating point, Eq. (12). In this way, the system small-signa dynamics and
working conditions, regarding the values of electrica variables, are not changed. The d- and g-
axis current references are generated by the direct field oriented (DFO) control with various flux-
weakening schemes, which will be discussed in Section 3.2.3.

The speed loop controller design is based on control signals of the PMSM rotor position
and speed, obtained from a digital resolver, mounted on the PMSM rotor shaft. The resolver
transfer function, is approximated as a first order low-pass filter [57]. A generated speed control
signal is used as a feedback signal for the speed closed loop control and the decoupling circuit,
while the position signal is used as the phase angle reference for the d-q transformation of current
feedback signals. A destabilizing effect of the active load is emphasized. Suggested stabilization
methods of the speed loop-gain and closed loop transfer functions with an improved “intelligent”
controller are explained in detail in Section 3.2.1.

Space vector modulation (SVM) is the chosen technique for modulating the inverter
switching signals, because it has a higher phase voltage limit than the sinusoidal PWM scheme,
due to injected third harmonic [78]. Analyses of various SVM schemesis givenin [25, 59, 72, 76
and 77] and they exceed the scope of this work. Assuming that the switching period used is much
smaller than the other motor drive time constants (by at least 5 to 10 times), only the facts about
the phase duty cycle limits and the sampling delay effects will be used for the control design, and
the whole modulator-VSI system will be represented by the VSI and modulator d-q average
models, Figures 2 and 7, respectively.

A controller design procedure is divided in two steps: small-signa control design in the

frequency domain and large-signal control design in the time domain.
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The small-signa (frequency-domain) design considers the system small-signa behavior
with the stress on the stability and step response issues. The scope of the analysis is concentrated
on the analysis of characteristic transfer functions of the linearized state-space system model. The
classcal control theory suggests that the stability issues of a minimum phase system is
conveniently analyzed through Bode plots, while Nyquist and/or root-locus diagrams should be
used for the stability analysis of systems with right-half-plane poles in its transfer functions (non-
minimum phase systems) [57], since their stability issues are not easily observable on Bode plots.
It will be shown here that Bode and Nyquist methods have the one-to-one correspondence for
frequency-wise single-sided or symmetrical systems, and that even non-minimum phase systems
can be analyzed through Bode plots using relatively conservative stability criteria

The large-signa (time-domain) design considers the implementation of highly non-linear
elements, such as signal limiters, flux-weakening control schemes and reference torque or speed
profiles, in the controller, with essential parameters (Pl gains) obtained from the frequency
domain (small-signal) analysis. The stress of the design is on the system large-signal behavior. A
mixed level system model containing both three-phase and d-g average module models is used for
the purpose of this design. A detailed design of system elements (VS driver circuits, detailed

motor design, protection circuits, filters, etc.) is beyond the scope of this work.

3.2.1. Small-Signal Design

The procedure of the small-signal design will follow a natural constructive path: from the
analysis of the features of the considered (non-regulated) system to the loop-by-loop devel opment
and design of the control circuits. The controller small-signal design should satisfy the Bode
analysis criteria at severa critical operating points. These criteriaare:

- at a cross-over frequency, w, (where the loop-gain magnitude, |L(S)|as, iS 0dB), the
phase margin, pm (calculated as pm=180° +a , where a is the phase of the loop-gain transfer
function a w,. ), has to be large enough to assure the system stability under different operating
conditions. A conservative approach is that the phase margin of pm=45°, assumed to be

satisfying regarding the system robustness, should be respected whenever the gain is above -6 dB;
- again margin, gm (calculated as gm = 0dB - |L(S)|ss) Of minimum 6 dB must be assured

whenever the phase a iswithin the phase margin boundaries around the odd multiples of 180°.
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These conservative criteria establish a forbidden zone around the point (-1, 0) on the
Nyquist plot, i.e. forbid its encirclement, Figure 16. Additionaly, it eliminates the local (open
loop) instability issues of the system [57]. This forbidden zone on the Nyquist plot maps into two
“moving” zones on Bode plots, dependent on the system transfer function gain and phase
characteristics, Figure 17. It should be noticed that they are not observable before the system
transfer function is plotted out. Then, the phase forbidden zone is established from the gain
information and vice-versa. If any of the two (gain and phase) system loop-gain transfer function
plots passes through the corresponding forbidden zone, the established stability criteria are
violated and the design should be corrected. Although the zones move with a new design, and the
gain and phase corrections progress smultaneoudly, it is pretty straightforward to find a direction
for the design changes. The author’ s opinion is that the Bode plot analysis is the preferred method
for a minimum-phase system control design, and, in order to provide the most comprehensive
results, it is chosen to be the analysis method in this work. The assumption is that the signal
frequency always has a positive sign, or that the system transfer function characteristics are
symmetrical regarding the frequency directions, since it is the main restriction of the Bode plot
method [57]. Because the operating frequency is directly proportional to the speed of the
observed PMSM drive system, the motor neither enters the generative mode in this application,
nor changes rotating direction, and there is no evident source of the asymmetrical opposite-

frequency harmonic signals, this assumption can be accepted as correct.

3.21.1 Plant Description

The firgt step of the small-signa design is to analyze the small-signal behavior of the
linearized, uncontrolled V SI-fed motor drive model in open loop at several operating points and
to define the critical ones. The criteriafor the critical operating points are:

1) large acceleration slopes of the system, and

2) sampling delay effects on the system transfer functions.

The influence of sampling and zero-order-hold time delays, as well as measurement filters
on motor drive transfer functions is considered later in the controller design procedure. The small
signa model of the PMSM is derived from its d-q state-space mathematical model, Eqg. (12).

Every state-space variable in EQ. (12), dso shown on the ssimulation model, Figure 4, can be
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expressed as x = X +x , where x represents a state-space variable and X and x areits steady state
value (at a considered operating point), and small-signa perturbation, respectively. After its
implementation in Eq. (12) and after cancellation of the steady state parts, the PMSM d-q small-
signal mode is:

- T didg - N - -

Va = Rig+ LdT_ pL Wiq- pLI,w- pL,Wiq

-7 di~q - N - -

Vg = Rigq+ L‘*TJF pLWia+ pLylaw+ pLywia+k w

E tload - Jd—W (13)
dt

Em=§((kt+p(Ld- L)la)ia* p(Lg - L)l gia+ p(Ly- Ly)iaia)

tioad = K W

load

By neglecting products of disturbances, \;qu, wia and i; fq, the PMSM state-space

model is linearized and its representation in d-g coordinatesis:

s pbewi R plene K L, 04
q q q a a

dW - Ioad

e E(p(L L) g ia+ (K +p(Ly- L)ly)iq)-

or, considering state-space variables as elements of vector X = [f(; iy vT/]t and input variables
as elements of vector =[\7d Vq]t, it gives the vector representation of the small-signal state-

space model of the PMSM drive:

;<=A;<+ BL] (15)

y=Cx
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By developing the characteristic polynomial, P =det(sl - A), from Eq. (16), we can see

that all poles depend on the operating point conditions. It emphasize the request that the control

design must satisfy above described Bode criteriaat all critical operating points.
The AC filter (Figure 5) d-g state-space linearized small-signal model, obtained following

the same procedure, is:

di~Lfd _ - - 1- -
dt - p\Niq"' pl quW+L_fVCd+L_dein
e 1 1
dtq =- pWia- pl gW- L_fch+L_quin
- (17)
dveg  1- - - n
at El Ltd T pV\NCq+ pVCqW' E'outd
d\}cq _ 1 N = N N
dt = E' Lfq pV\ch- chdW' E' outd

average model is represented in Figure 18.
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Figure 18. VS fed PMSM drive (plant) d-g average model with a VS output filter
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Decoupling
In order to smplify the system by eiminating the coupling terms from the voltage
Eg. (12), the so-caled

decoupling control loop
coupling parts on the right-half side of vgq q State-space equations,
signals of current loop PI controllers. In an ideal decoupling case, the decoupled motor model has

the next derivation:

: : di : 0 i _ di
Va - quW|q:R|d+Ld_d' pLwi, u :I:Vd =Ri,+L,—*
dt b1 dt
d yP I i (18)
i =R 4 i I [y =B q
Vq+deWId+ktW—RIq+LqE+ pLdWId+ktW-b Tvq—R|q+Lq pm

The linearized small-signal state-space model, (18), can be represented in the vector form:

Cas
X = Ax+ Bu (19)
y =Cx
where
4,u &
éu qu
X=dq0 uz_évg, y=X (20)
gN,;, €'ad
u
é u
& R 0 0
é Ly U
é R U
A=ga 0 -L— 0 a
&3 p(Ly- L) 3k . p(Ly- L) ;
é3 - 3 - 1 .U
e_pd—qu 3k P S 1) = =Ko
&2 J 2] K, J 0
.1 .
& 04
=L , é 0 Oou
2 14 é a (21)
B=S0 U C=40 1 0y
? LqL,J & W
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*assumption: DT,y = Kjpog (W - W)
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The poles of the system transfer functions are obtained from the system characteristic
polynomia in s-domain:
1

- ASO0P § -8 T 5 T =Ko (22)
d q

Because the design considers a two-loop cascade control, it is convenient to represent the

decoupled PM motor model by an independent, i4-current, transfer function:

G,y(s)= Y(R+ Lys) (23)
and a cascade of two transfer functions: iq-current transfer function:
Gy(s)=Y/(R+ L9 (24)
and the electromechanical transfer function:
G, (9) = 3K, /(2(J + Kigeg 9)) (25)

which represent the equivalent DC motor with eliminated back-emf, Figure 19. The back-emf
elimination is not necessary if kipag > 0 (without it, the well-known equivalent DC motor model is
obtained in g-axis), but it smplifies the design because it establishes the same conditions (under an

ideal decoupling) in both current loops, so their Pl controllers can be equivaent (if L, = L,), or
proportionally designed (if Ly * L), and, what is more important in this application, it assures

current loop stability for every load condition (current loop becomes independent of load torque),
i.e. it eliminates the influence of the load torque dynamics from the current control loops (see the
following section).

Unfortunately, because of the current measurement filter, sampling and zero-order-hold
delaysin adigita controller, it is not possible to get an ideal decoupling. The filter influences the
open-loop transfer function by uncoupled iy and iq current transfer functions. State space

representation of a single-pole low-pass filter for current measurements in d-q coordinatesis:

dl dout . . .
dt = Wi (Idin - Idout) + pWIqout
d (26)
out . . .
dqt = Wi (Iqin - Iqout) = PW oy

where
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R - stator resistance B - bearings
L, - stator inductance in d-axis k.o - |0ad torque Slope
L, - stator inductance in g-axis J - moment of inertia

k. - motor torque constant

Figure 19. Decoupled PMSM drive block diagram
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Idouts lqout:  Filter output current d-g comp. ldin, 1gin-~ filter input current d-q comp.
w;.  filter resonant frequency w: motor speed [rad/s]
p: number of the motor poles pairs

Hence, the current measurement filter produces non-linearity in the system. By choosing a
high w, i.e. above a half of the switching frequency, this negative effect on the loop-gain transfer
function can be reduced, especialy for a bandwidth much lower then ws (about five to ten times).
The drawback is that switching and measurement noise will be less attenuated. The effect of
sampling and zero-order-hold delay transfer functions on decoupling loops will be examined later
in this chapter in a separate section.

A decoupling scheme for the whole drive system with the implemented AC filter (Figure
18) is shown in Figure 20. From the d-g system state-space model, it can be noticed that not only
the motor d- and g-axis variables were coupled, but also all electrical variables of the three-phase
system, related to energy storage elements (capacitors and inductors). The same conclusion made
earlier for the current measurement filter can apply here. Consequently, only the largest filter LC
components should be decoupled, so that a rough single-stage second-order approximation of the
AC filter can serve for the decoupling circuit design. The small signal average model of the
discussed drive system with the AC (EMI) filter, after the (ideal) decoupling without the back emf

elimination, is shown in Figure 21. The modulation coefficient, m (for SVM m=]/x/§, for

sinusoidal PWM m=1/2), indicates a chosen modulation scheme [78].

3.2.1.3 Current Loop Controller Design

Two current control methods - with and without back emf eimination (equivalent DC
motor control) through the decoupling - of the VSl fed PMSM drive system in an engine starter
application will be discussed in this section. Although commonly used P regulators in current
control loops can provide satisfactory results at lower speed (regarding the proximity of the line
and switching frequency), in order to avoid problems related to sampling delay at higher motor
speed, to diminate steady-state error (although considerably small) and to increase the current
loop bandwidth, thus speed-up the current response, the Pl regulators are used in d and g current

control loops.
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Figure 20. Decoupling scheme for the PMSM drive with a VS output filter



Figure 21. Dq small-signal average model of the linearized VS -fed PMSM system

with a three-phase EMI filter and without back emf elimination
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Current loop-gain transfer function of the decoupled motor drive with back-emf
elimination with used Pl compensator in the current loopsis
K pS+ Ki dec
s (R+Ls)

T(s) = Ki, (27)

where K, and K; are Pl compensator proportional and integral gains, respectively, L is the
inductance in a considered loop, and K, is a current measurement scaling factor due to the signal
normalization [18, 52, 57]. The pole of the current measurement filter is considered high enough
to be neglected, for the sake of ssimplicity. In an ideal decoupling, the choice of

Kp L

?:o = R (28)
gives a phase margin of 90° more than what is needed, and, in order to provide a larger
bandwidth, it can be set from Eq. (27) after some elementary trigonometric calcul ation that:

K w K
arctan(—>-2) - arctan(ﬂ) - 90°3 -180° + pmb —2> L (29)
K R K R

From the equation for the magnitude at w:
2 2
1 JKi HKw)”

|T( S)| = deCKim W_C RZ +( LWC )2

(30)

and Eq. (29) we can calculate Pl gains K, and K; for a desired bandwidth, wc, and phase margin,
pm. Eq.s (29) and (30) should be used for the design check-out, i.e. for the calculation of the gain
at the phase of -180° and its comparison with the assigned gain margin of 6 dB.

Finally, the expression for the closed loop transfer function is:

T (S)_ T(S) _ decKim(KpS+Ki) _
S T14T(s))  S(R+Ls)+mV K, (K, s+K,)
K

— Ki
L , € R K,u
s“+a +—s+1
mV KinK; emV K Ki Ky

When a three-phase AC filter, Figure 21, is included in the PMSM drive system, the
current control-to-output transfer functions of the decoupled system, depending on which of two

control methods is chosen, are:

56



a) decoupling with back emf elimination:

1
CLiq(Lgp+Lg)sS+CL;1RS% +(Lsq+Lss)s+L,s+R
fINEf2 q fl fl f2 q

i
2 =mvy, (32)
dq

Usudly Ln<<Lp<Lq and w, << }f/CT so that in the vicinity of the cross-over
fl

frequency, Eq. (32) can be approximated as.
1

O-I|Q—-z

q:deC(Lf1+Lf2+Lq)S+R 59
b) decoupling without back emf elimination:
L _ MV, (IS + Kigaq ) (34)
%4 (354 K J[CLi1(Ly, + Ly)S +CL RS +(Ly, + Ly,)s+ L+ R +;’ktke(|_fls+ 1)

In the vicinity of the cross-over frequency the Eqg. (34) can be approximated as:

1

fa - mv/, IS+ Kiag
dq (JS+ kload)((Lfl+ Lf2+ Lq)S+ R)+§ktke
(35)
-V, Js+ K4

IS +(RI+ Lk s+ k,oadR+§ktke

where L= Ln+ L+ L, . The torque constant k;, and back emf constant ke, are equal if the motor is
not saturated. The similarity between Eq.s (27) and (33) is obvious, so that the PI compensator
design procedure is the same as described through the Eq.s (28) to (31).

As the back emf is proportional to speed, it is aso influenced by the load torque profile.
Consequently, if the back emf is not eliminated from iy current loop through the decoupling, the
current loop will aso be affected by the load torque profile. This influence can be seen in the
amplified iq control-to-output transfer function Eg. (35). It should be noticed that the condition
kicaa < O is a destabilizing factor, depending also on the system parameters R, J and L. The
comparison between two observed current control methods - with and without back emf
elimination - can be summarized by the following characterization:

1. Control with back emf elimination characteristics:

- current loops are independent of each other and of the mechanical circuit;
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- load torque profile cannot destabilize current loops;
- mechanical pole appears unchanged in the speed loop TF; and
- speed loop can be stabilized by matching the reference motor torque slope with
the load torque slope, what will be shown later in the speed control design.
2. Control without back emf elimination (equivalent DC motor) characteristics:

- ig current, if not equal to zero, influences iq current loop through the back emf,

thus the system is not completely decoupled;

- iq current loop also depends on the mechanical circuit, i.e. the load torque

influencesthe i, current loop and can destabilize it;

q
- mechanical pole is dightly moved toward the left half plane in the speed control-

to-output transfer function, what alows a higher bandwidth.

To improve the current controller characteristics, it is possible to design an adaptive Pl
controller [53, 79, 80], i.e. to optimize the drive performances at every operating point. It should
have adaptive gains according to the load torque profile approximation in real-time, which will be
discussed in alater section. A detailed non-linear design of such a controller could cover another

master’ s thesis, and thus it is beyond the scope of this work.

3.2.1.4 Sampling Delay Considerations
A sampling delay transfer function can be approximated by Pade's formula, obtained from
the McLorain’s polynomial derivative of the sampling delay transfer function [11]:
1 $?T,% - 05sT, +1

Gy (9 =€ » 12 (36)
1 $°T,? +05sT, +1

where T4 is the sampling delay time constant. The zero-order-hold delay is approximated by:

sT, 1
G, (s)= Lo »—7 (37)
"€ 158 T +O5ST, +1

where T, is the zero-order-hold delay time constant. The sampling delay time constant, T4, and

the zero-order-hold delay time constant, T,, cannot be smaller than one switching period and in

this application they are both approximated to be 1.5 times larger than the switching period.
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Defining the sampling delay and zero-order-hold delay time constants determines the zeros
and poles of the approximated delay transfer functions, and their corner frequencies can be
calculated from Eq.s (36) and (37):

3 , _ 3 u
S, =— for zeros, s, =- — for poles;

T, T, yP w,=w, =2w, (38)
T, =15T, b

Because of their high corner frequencies, it could be expected that the influence of
sampling and zero-order-hold delays on the system transfer function is small under low frequency.
However, because of the high phase drop in the current loop-gain transfer function (about 360° at
the frequency of zeros and poles of the sampling delay approximate model, i.e. a a double
switching frequency in our case), the sampling delay has a significant influence on the magnitude
and phase of the loop-gain transfer function (see Figure 12 in Chapter 2). If the cross-over
frequency is chosen to be around one tenth of the switching frequency, a rough approximation of
the phase drop due to sampling delay is 45°. So, by choosing Pl gain ratio from Equation (34) we
are getting a phase margin of 45° instead of 90°, asin the ideal case.

Knowing the conditions above mentioned, after the design of the current controller
parameters, we can plot Bode plots for current loop-gain and closed loop transfer functions at
different operating points and choose the critical ones. The critical operating points are those
where the acceleration of the motor increases. In other words, the critical operating points are
where the difference between motor and load torque resistances (slopes) rises significantly,
because it defines the moving of the electromechanical pole ((kioad-ki)/J) toward the unstable right
half-plane of the root-locus diagram. Because of an non-ideal decoupling (undecoupled
measurement filter, delays, decoupling transients, and parameter mismatching), the results can be
different than expected at higher speed, where the influence of the digital delay on the phase of
the loop-gain transfer function can be significant. The gains of the PI controllers in current loops
should be adjusted to achieve the most satisfying results at all critical operating points.

By implementing Eq.s (37) and (38) in the control system described by (27), the closed
current loop transfer function of the current regulated motor drive, with the sampling delay

included, is
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__T(86u(s) _ 1 29
= 1+ T(S)Gsd(s) Gzoh(S) = S(R+ LS) Gzoh(s) ( )

+1
decKim(K pS+ Ki )Gsd (S)

Tcl (S)

In the case of a desired complete decoupling, the sampling delay can produce the
instability of the current loops. To prove it, let’s define voltage v, as a coupling term in the motor
large signa model, Eg. (12), shown in Figure 4, and v, decoupling signa from the decoupling
circuit, Eq. (18). The idea of canceling the coupling terms is to produce two reduced order
decoupled systems in the d and g axis. But, the current and speed feedback signals are sampled,
thus delayed, and a general case decoupling function becomes

DTF(8) =V, - Vg =[1- Gy(S)]V, =V, (1- &) » —5— T‘*Sl v, (40
1+5T(,S+ET(,ZS2

The unstabilizing factor is the zero of the decoupling transfer function, placed in the origin

with the additional 180° phase shift. This problem is clearly the result of an overcompensation. To
avoid such a problem, a scaling factor, denoted as a, is added as a gain in the decoupling circuit.

Now, the decoupling equation becomes
DTF(S)=V, - Vg4 :[1- a Gd(s)]vC =(1- a e‘STd)vC

1 1
1-a-(1l+a )ETds+(1- a )ET(,ZS2 (41)
” 1 1 v
1+ -Ty,s+ - T2s
2 12

C

The scaling factor a should have avalue 0 < a < 1 to avoid the overcompensation. A
genera rule should be that smaller sampling delay allows a to be closer to unity.

The sampling delay can be implemented in a reference current signal because the current
reference doesn't change as quickly, compared to the sampling delay time constant. From the
elementary graph theory, it is implied that the sampling delay transfer function can be moved to
the output of the current compensator. Then, the current compensator transfer function,

considering the sampling delay transfer function, becomes:
KyS+K;
Hi(9 =" C4(9 (42)

Index j denotes the d- or g-axis current loop. Current loop-gain transfer function with back-emf

elimination decoupling in the vicinity of the crossover frequency becomes
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(9 =V, H, (96 (9 (43)

‘ (Lip+Li;+L)s+R
Index i denotes the d- or g-axis current loop.
The current loop-gain transfer function in the g-axis with the decoupling without back emf

elimination, in the vicinity of the crossover frequency, has the expression
Js+k

1,(5) = mV,, oo 3 Hq(9G4 (9 (44)

S +(RI+ Lk Js+ R+ kk,
The current loop-gain transfer function in the d-axis is the same for both methods, Eq. (43).
The current controller design procedure remains the same, but with a caution about the

phase margin reduction due to the sampling delay.

3.2.1.5 Speed Loop Controller Design

Usually, design of the speed loop controller is based on the fact that the pole of the
electromechanical transfer function, Eq. (25), s, = K..q/J , isa amuch lower frequency than the

crossover frequency of the closed current loop transfer function, Tq(s) [52]. A common torque
control method in PMSM motor drivesisto keep iq = 0 (although with interior permanent magnet
(IPM) motors this is not the optimal approach because of the unused reluctant torque component
[41, 42, 70]), so it will be assumed that it is applied in this case, for the sake of simplicity. Under
these assumptions, a speed control-to-output transfer function (TF) with closed current loop
(reference-iq-current-to-speed TF) has the next form:
(9=t
2 K4 t+3IJs

load

(45)

iqref =W

Using the PI compensator and adding the speed-to-control signal conversion factor, Kym,

in both the speed feedback and reference signal paths, the speed loop-gain TF becomes

K. .s+K
T =K XM Ya

w wm s iqres - W

3K, prs+ Kiw

(8 =K = Stk + 99

(46)

load

In a stable system (Koag™> 0), with known ko, it iS reasonable to put the compensator zero
in the vicinity of the pole of the speed open loop TF, producing a relatively high bandwidth. In

order to optimize the design, the compensator zero can be placed above the pole frequency, as
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long as it assures a sufficiently large phase margin whenever the gain is above -6 dB (Ko 1S NOt
the samein al operating points!), as was shown previoudly in the current controller design.
Closed speed loop TF is now trivid:

T, 1
wd = = (47)
1+T S
w + 1
K % iw
wm 2 k

load

But, when the speed open loop TF pole is unstable, i.e. k., <0, the compensator zero

load

can compensate the pole regarding the gain characteristics (Bode diagram), but their phases add
to each other and produce a phase shift of 180 degrees. Thus, without the decrease of the

reference torque by a torque with a slope higher than |k, |, the speed loop-gain TF should be

considered unstable. Passive compensator effects are most considerable at low speed, where

k... 3 0, atthefina speed, where areference speed is reached, and in failure modes of operation

load

(e.g., sudden load disconnection), where it prevents the motor overrun. Otherwise, the system
mainly operates with the saturated speed compensator output, i.e. with an open speed loop.

The other commonly used method for the speed controller design is the symmetrical
optimum, a well-known method in industry, widely used for DC motor drive speed control [38,
57, 62]. It is usually applied when the poles of the electromechanical and current closed loop
transfer functions are insufficiently separated, or when the speed measurement filter has a low
pole which cannot be neglected, i.e. when the closed current loop (or filter) TF should be
approximated as the first order TF, i.e. from Eq.s (28) and (31):

1
To(8)» —5 (48)
—————S+1
decKimKi
or if it is chosen K;=0 (P current regulator):
1 1
Ty(s)=( X ) (49)
R L
————+1 1+ S
mV, K, K, R+mV,. K, K,

Now, the speed loop-gain transfer function has a form:
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i_{.l

S

s s
—+1)(—+1
S(Sz+ )(53+)

pw

T, (s)=K,. Sk

iy (=K, (50

load

load

K. k
where s, = o S, =S, = 3 sz isthe pole of T(s) transfer function, K, is a speed error
pw

(Isg@rg(sTv'v(s))) of the speed loop-gain TF T,/(s), and Ky, is the speed measurement scaling

factor. The closed speed loop TF is now

§+1

T LA s,
wecl_symopt. — - S

T, g SapS+y
S

(51)

+=+1
Ka S

From the calculations of the maximum gain of the closed speed loop TF, the two

compensator gains are obtained as

3 2 2
Kiw - kIoad (Sz + Ss) and pr - 4Kiw SZ + SS - (52)
K  8ss (s, +s))
2 wm

Again, the method is not reliable for k4 <0. The conclusion related to the former design holds

for this design too.

A speed controller design for the maximum torque operating region holds also inside the
flux-weakening region, because during the flux-weakening the motor torque decreases, so does
the acceleration, and the system behavior is supposed to be even more stable. A more detailed

discussion of the flux-weakening techniques is given in Section 3.2.3.

3.2.1.6 Speed Loop Stabilization

It is evident from the previous section, that in the case of the active load produced during
an engine acceleration, Figure 14, the speed loop cannot be stabilized (at least the local instability
will remain) by applying only atwo stage cascade static controller.

There are several methods proposed in the literature for the speed loop design [21, 39, 45,
52]. Most of them are based on the observer predictive control designs, which are very sensitive

to the system parameter mismatching and relatively complicated for realization. Here the
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proposed methods are based on the extraction of the information about the load torque slope,
Kioaa» EQ. (12), from the measurements of the motor terminal currents and voltages. The same

information could aso serve in the k .. >0 case to improve the controller speed performance at

load
different operating points, especialy if k.. changes dynamically with speed, which is the case with
the torque profile from Figure 14. In order to derive information about the load torque slope, the
load torque profile (including friction) is approximated as a sum of incrementally piece-wise linear
parts, Figure 14. As long as the motor electromechanical time constant is much bigger than a
switching cycle of the VS, the load torque incremental periods are aso much longer than the VSI
switching cycle. It is assumed that during these incremental periods the load torque slope can be
approximated using linear interpolation. A result can be either kept in memory until the next
significant change of the load torque slope, or continually estimated through the current and
voltage sensing. Now, from the motor state-space system of equations, Eq. (12), the expression
for the ki..1, EQ. (56), can be derived by deriving the speed equation either from the d-axis or from
g-axis voltage Eq.s (53) and (54), respectively,

di,
JFRi, FL
W= _dt (53)
pL,l,
R - L di,
Vg - qa
W= pLyig +K, 4

Calculating the speed derivative from Eqg. (53) and substituting the speed and its derivative

to the motor electromechanical (torque) Eq. (55),

Ty T - I
_om ~ lloadi ~ dt
Kioadi = w- W (55)
the load torque slope is calculated from Eq. (56):
J € dv, _di d?i, di,  1di U
- - +R—~+1L +Ri, +L e
T~ s pLyi, g dt da dt2 " (Vg ¢ dt ) dt g
kIoadi = (56)
w- W



where To.g = Tioaqo + é Kioasi (W,; - W) istheload torque at the beginning of the i-th incremental

period, T, =g(ktiq +p(Ly - Lgq)igig) is the motor torque, either measured directly, or

evauated through the current measurements, and W is the speed where load torque slope
sgnificantly changesi-th time.

In order to avoid problems related to differentiation in control loops (e.g. increasing the
noise signa effect), a VSl output filter can be used, Ly;C (a simple LC structure is used here for
the sake of simplicity), in series with an externa inductance, L, on the motor terminals, to
extract the state-space variables related to voltage and current derivatives. A complete
unregulated PMSM drive system large-signal d-q model is shown in Figure 18. The decoupling
scheme for such a system is given in Figure 20, while a small-signa model of the decoupled
system is given in Figure 21. Voltage signals Vg, Vi, Vg, Vg » Vo, Va, Va1, Vo, Va© and current
sgnalsicy and iy are used for the load torque slope evaluation to substitute current and voltage
derivativesin Eq. (56):

dg 1, dvg 1.
—=—(Vq-Vgq1); —=—i
d L (Vg - Va1) G C'
. . (57)
dl_q—i(v Vv ) dﬁ—if
dt Ly @ T gt
which results in the next expression:
J €dvy, R . Ly 1. dv, U
T~ Tioadi - — @ + V- Vg )t (Sl - !
) m ™ lioadi qulqg dt sz( a~ Var) sz(Ccd dt )H
kIoadi - ] Ld ) +
- Vg TRy +T(Vd_ Vi)
pL if2 W
, ) q°q U (58)
Li & Vgt Rig + = (V- le)@Li-(V‘q - Vg)
+ PLylq & f2 f2'q
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By substituting the torque equation from Eq. (12) into Eqg. (58) and after some reshaping, we get:

pLj, 3 . .
Kioaa = Vﬁ : (E(kth +p(Ly - L )'d'q )= Tioadi )
J € dv, R .. Ly 1. dvg, V¥ pWi Lqiq : u
- _+_ - +_ —_ - - -
\/i g dt sz (Vd le) sz (Clcd dt sz Iq (Vq Vql )H’
. Ly . .
v, =-vy +Riy +L_(Vd - Vg )- PW, LI, (59)

t2

A closer look at Eq. (59) reveals that the only new terms comparing with the decoupling
Eq. (18), are the d-g components of decoupled filter input and output (motor terminal) voltages
and their derivatives, and decoupled filter capacitance current. Troublesome differentiation of
current signals from Eq. (56) is replaced with the only first order differentiation of two digitally
filtered voltage signals in Eq. (59). Assuming that the coupling effect of the filter inductance Ly,
can be neglected because of relatively small inductance L¢; in comparison with the relevant

inductances of the drive system, Ly, Lq and Ls,, the first derivatives of voltages vq' and v, can be

approximated with the derivatives of the corresponding Pl controller outputs, da »dyand
d;] » dg, in the average sense (after passing the low pass filter), multiplied by a scaled DC link
voltage (maximum phase to neutra voltage). As al the voltage variables involved in the Koy
calculations are measured after passing through the low pass filter (L, C), there are no high order
harmonics in their spectra, so their measurements and their first derivatives should not produce
any problematic noise which could affect the accuracy of the k... estimation. In this application, it
no fast changes of the load torque are expected (it is much more than ten times slower than the
VSl switching), so the estimated average value of the load torque slope can be assumed as an
appropriate estimation. The weak points of this method are problematic measurements of the
motor terminal voltages and filter capacitor currents due to a high level of noise in those signals.
However, the low load dynamics allow good filtering of these signals and their sensing is already
known in industrial and academic practice, mainly in sensorless control applications [21, 39, 45].
A modified design of the speed loop will be based on the assumption that the current
control is done with back emf elimination and that the mechanical pole is much lower than the
pole of the closed current loop pole, so the closed current loop transfer function can be
approximated as a unity gain. The design for k.o > O (so-called positive load resistance) follows
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the previously explained procedure with a note that, due to the mechanical pole estimation, the
compensator gains can be adapted to optimize the system performances at different operating
points. However, a negative load resistance, kio.a < 0, produces an unstable pole in the speed
control-to-output transfer function, Eq.s (22) and (25):

3 1 .
GW(S)_Ek‘k—wLJsD right half plane pole for k

load

load < O (60)

In order to stabilize the speed loop, a term proportional to the estimated load torque
change is added to the motor torque reference, Figure 22, and such a modified motor torque

profile determines the current reference, (61):

~

aw o - _ _
J d_vtv = tm +Sk|oadW - kIoadW

3 (61)
G, ()= 2 b stabilized pole for k, <0

(1-s )k g +Is
A scaling factor, s, can be adjusted to provide a desired mechanical pole, but should be
larger than one in order to establish a safety margin in the motor torque profile, but aso kept to a
minimum. In the case when kiyog > 0, s should be kept equal to zero for the maximum torque
profile. Further speed controller design procedure remains the same as explained earlier.
Simulation results of aPMSM drive system small-signal analysis are discussed in Chapter 4.
Finally, it should be noted that there are a lot of possibilities for designing a non-linear
and/or adaptive control with variable compensator gains, based on the load torque slope
estimation, but it will be left for the future work.
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Figure 22. Reference motor torque and speed controller adjustments

to active load for the speed loop stabilization
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