Introduction to permanent-magnet synchronous
motor drive and brushless DC motor drive

Motor types and section (SPMSM, IPMSM, SynRM?).
Governing equations.

Key parameters and variables measurements.’

Inverter-fed PMSM drives:

- (Sinewave PMSM + sinewave inverter): Complicated control scheme.
- (Square-wave PMSM + square-wave inverter).
- Hybrid: e.g., (Square-wave PMSM + sine-wave inverter).

Control schemes and realized environments?
Filter between inverter and motor.
AC/DC front-end converter.



Motor types and selection

Some typical rotor structures of synchronous motors (SMs):
(a), (b), (¢c) SPMSM; (d), (e), (f) IPMSM; (g) PMASynRM; (h) SynRM; (1) SRM.

PMSM >> PMSM+RM >> SynRM

* PMASynRM:
Permanent magnet
assisted SynRM

* SynRM:

Synchronous

reluctance motor

(® (h) @



Some typical stator structures
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Difference between square-wave and sine-wave BDCMs

m Square-wave BDCM:
-- Rectangular distribution of air-gap magnet flux;
-- Rectangular winding current waveforms;

-- Concentrated stator armature winding.

m Sine-wave BDCM:

-- Sinusoidal or quasi-sinusoidal distribution of air-gap magnet flux;
-- Sinusoidal or quasi-sinusoidal winding current waveforms;

-- Quasi-sinusoidal stator armature conductors, i.e., short-pitched
and distributed stator armature conductors.

B [f the stator winding current is not pure sine wave, and if the
stator winding distribution Is not purely sinusoidal, the time
harmonics of the current can interact the space-harmonics of
the conductor distribution to produce large torque ripple with
only a slight increase of average torque.



Distributed armature winding
(Sine-wave motor)

Concentrated armature winding
(Square-wave motor)

Three-phase
armature currents




Classification of BDCMs

X] Speed servo drive (square-wave BDCM):
not suited for lower operation speeds

(a) Normally: concentrated armature windings.
(b) Usually called BDCM.

@ Using photo sensor
@ Using Hall sensor

X] Position servo drive: sine-wave BDCM

(a) Normally: distributed armature windings.
(b) Usually called PMSM.

B Sine-wave motor driven by square-wave iverter:

theoretical torque ripple at low speed >= 13%.



&® Square-wave

BDCM PWM switching signal waveforms

@ Sine-wave
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Three-phase square-wave BDCM E - 1o

dw,

)J . T,=T; +Bw, +J

+—_ 1 dt.
Vd -
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1
! 7 WA ek

N
PMSM

B [deal waveforms of
a Y-connected
BDCM with 120°
flat-top back EMF.

B Non-i1deal winding
current and voltage
waveforms and
commutation
yielding torque
ripple.




Sine-wave BDCM Operation principle and commutation instant tuning

Brushless DC Motors (BDCMSs): PMSM with winding commutation
according to the sensed rotor position.
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B Special application cases:

The SPMSMs are also found in high-speed
applications. However, some key affairs should
be treated:

(1) The permanent-magnet volume and thus the
back-EMF at the maximum speed must be
properly determined.

(2) Inverter DC-link voltage must be properly
set.

(3) The demagnetization risk in real operation
must be cared, especially for the position
sensorless controlled PMSM drive.
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Effects of non-i1deal current waveforms

Induction motor

Mechanical
load
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294 UM Kﬁi =
(Parameter estimation of PMSM)

B Experimental mechanism for making parameter estimation

IPMSM
SW Lo
/2, / A
AC b Drivi
Power / T —Wv Cad 11 drelvvilcrég

Source /°c R ‘ v
+ a)r 0
Vas g '

e Equivalent circuit parameter estimation: rotor 1s locked at a particular position and
the winding is excited with a variable-frequency and variable-current AC source.
e Slip test: the rotor 1s driven at a speed slightly different from synchronous speed.
e The voltage, current and power are recorded.
e Back-EMF: measure motor open-circuit terminal voltages at different driven speeds.
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B Per-phase equivalent circuit model

R(i,9,, 1) L(i,9,, f)

o AAA—

I Zas

Vas 6/ e, (0, )

— O

Flux linkage amplitude estimation: Ay,

(a) Considering the correct measurement;
(b) observing the wave shape of the back EMF.
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B Y-connected with non-isolated neutral

Lasas,max = Lasas (Hr =0) = Lls + LA + LB
Lasas,min = L y5qs (01’ =0.57) = Lii+Ly—-Lp
3 3
Lq ~ ELasas,maxa Ld ~ ELasas,min

A 3 - 3
Lq:LZS+§(LA +Lg), Lj=Lj +E(LA_LB) 16



B Y-connected with non-isolated neutral
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Estimation of Key Motor Parameters: Example

PM Flux Linkage 4" and
Back EMF Constant k. .

» Three Y-connected resistors with reasonably
high resistance ( 100kQ ) are connected at the
stator terminals to measure the motor phase
back-EMF at no-load.

 Let the PMSM be driven at a constant speed
with terminal open-circuited.

lgs =lps =lcs =0

A

::> Al :E_d, E; =k,w,

Wy

Estimated parameters:

A =0.00858Web, ke =3.81 Vpyg/krpm

400rpm
leCroy T
N ::-4’{: \\ - //‘ﬁlizv
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1000rpm
leCroy T
AL

e 18
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 For simplicity, the parameters R, and L,(6,) are measured
using off-the-shelf LCR meter (3532-50 LCR HiTester, HIOKI)
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Estimated parameters

( 7 =200Hz):

* The parameters measured using LCR meter will
not be accurate owing to its small-signal level
excitation.

R. =0.60625Q

 The effects of inaccuracy and variations of

Ly =1/2(Lap.max) = 328.415uH motor parameters on the motor driving control
performance will be handled by the proposed

Lq =1/2(Lgp,min) = 214.635uH robust control approaches.
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Possible control schemes for BDCMs

B Square-wave BDCM drive using direct duty ratio control
(without current-mode control)

BDCM

AT

.~

or [ AW
or, M m__
ors (I T

GT, GT, GT, GI, GI, GT,

Switching signal generator

< Rotor position sensing

or estimation scheme

Comparator

Speed
controller

[

G,
o1, [ ]
GT, ]

€ Without current control loops.
€ Simple implementation.
€ Lower driving performance.
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Measured results

(a) Sms

IS.OA

(b) 2ms

Measured waveforms of Hall sensor signal HA, motor line

current I

as?’

the switching signals G7 and GI, of square-

wave type BDCM drive with 120 conduction: (a) 1000 7pm,
R, =32.7Q; (b) 2500rpm, R, =32.7Q).

IS.OA
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Sine-wave BDCM Operation principle and commutation instant tuning
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BDCM drive using sine-wave current-mode
control (abc-domain)
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Measured results

- IS.OA

IS.OA

GT,

(a) Sms (b)

Fig. 2.16. Measured waveforms of Hall sensor signal HA, motor line
current i, and command i, , the switching signals G7; and G7, of
sine-wave type BDCM drive with current-controlled PWM switching
control: (a) 1000 rpm, R, =32.7Q2, (b) 2500rpm, R, =32.7Q).
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BDCM drive using robust sine-wave current-mode
control with d-axis excitation control (dq-domain)
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Fig. 4.3. Configuration of the CCPWM scheme in dq-domain.



Measured results

PI control only PI and robust controls

(a) 2ms (b) 2ms

Fig. 4.12. Measured winding currents and commands due to a step speed command
change (R, =21.6Q, ®,.=2700rpm —3000rpm) in dg-domain:(a) PI
controller ( W= 0); (b) robust controller ( W= 0.9).
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Measured results

(a)

I 100rpm

3000rpm fpsbestiirpipds

Fig. 4.13. Measured speed tracking and regulation responses in dq-domain by
the PI controller and robust controller with different values of W:
(@R, =21.6Q, @,=2700rpm—3000rpm; (b) @~ 3000rpm,

R, =43.9Q - R, =21.6Q.

IlOOrpm
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Reference frame transformation

_f” - cosd,. cos(6, — 2?”) cos(6, + 2?7[)
O abctod o2l : 27 : 27 Jas
9115 |= 3| S0 0, sin(6, — ?) sin(6, + ?) Ths
_fOITS‘ | l l l fCS
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- - angular position
cos 6 sin & L[ £r ]
fas § ’ Jgs
O dqtoabe {fbs - |cos(0, = =) sin(0, - =) 1) £,
fes 14
cos( 6, + 277[) sin( 6, + 27”) [70s

B The sine-wave winding current can also be roughly obtained
by applying SPWM voltage mode excitation:

€ Without current control loops.

@ Simple implementation (however, how to realize SPWM schemes?).

@ Lower current and thus torque dynamic performances.

@ The driving performance can be improved via commutation instant shift

(Example IPMs: Toshiba: TB6551 sine-wave controller, TB6581H 3-Phase full-wave
sine-wave PWM brushless motor rriver = TB6551 + TPD4103AK high-voltage driver.
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Some example commercialized sine BDCM drives

High design flexibility can be
achieved via software.

Routine computations are
offloaded from the CPU.

4

Waveform
Speed Controller VE Sorvtalr
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PID Control + « PID dq*/ PWM Inverter
Control UVW Converter Waveform
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Vector Controller Organization

Resolver

Angular
Rotation
Signal
(Sine and
Cosine
Waves)

PID: Proportional-Integral-Derivative
dg/UVW: Conversion from the dq axis to
the UVW phase

COL: Supplementary control added to

PID control

(Drat: Motor's angular speed target

lart,Igrt: Motor current target in the dq axis
lu,lv,Iw: Motor current in the U, V and W
phases of a three-phase alternating current
PWM: Pulse width modulation

UVW/dq: Conversion from the UVW phase
to the dq axis

(10: Motor's angular speed

ld,lq: Motor current in the dq axis

V4,Vq: Motor voltage in the dq axis

* Coordinate system where the magnetic
pole direction of a motor's rotor is the
d axis and the direction orthogonal to
itis in the q axis
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B. Standard Square-wave PMSM Driven Cooling Fan

® System Configuration and Commutation Signal Generation
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® Operating Performance

(b)

Standard Square-wave

K 2
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X] SMR Application examples: Front-end of motor drives

B - %’fﬁwf R B iEa ’E?’*%’fﬁ 2 PWMiEH] & 5 %4 %
By dla 4 0 i i%f?ﬁi % — 7 3 5\ i'g,,. ;‘,;,(Swnchmg mode
rectifier, SMR)I!L ;é_ AR T 9( ARSEM > T E AF 2B iE SRR

FROZHE A>T ET - (The equipment of SMR front end: can
provide well-regulated and boosted DC-link voltage to improve the operation
performance of a motor drive, particularly the high speed operations.)

B 5 B s 4@7 TBAc s VA% - HFH S (Pulse-width modulated, PAM)
%%% Ao Em@%@\ﬂ%?%%%%ﬁﬁiﬁﬂﬁéﬁfﬁ%o

X PAM7 Feivltae A o WE * TR R SRH o 2 4o -PWMIiZ M PAM >
- FaiE 2 |2 s o (PAM +PWM) >> can increase the control
flexibility and performance of a motor drive.)

AC motor
P~T,0,
Rectifier ) Inverter ?_} L “tes—
Th
w3 [T L Camod. o Ca
AC d

source L | ~ T¢ o

Control
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Some typical single-phase SMRs:

(a) boost SMR; (b) buck SMR; (¢) buck- boost SMR; (d) Cuk SMR; (e) buck-boost cascade
SMR; (f) boost-buck hybrid SMR; (g) flyback SMR; (h) isolated ZETA SMR.
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Flyback SMR (Flyback *» 3% 3% Z k&)

B [solated buck/boost
type

B Perfect one-stage
structure

B [ower rating

Pw M PI-( PAM inverter
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