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Abstract

Brushless permanent magnet DC machines generate parasitic torque pulsation
owing to distortion of the stator flux linkage distribution, variable magnetic
reluctance at stator slots, and secondary phenomena. Pulsating torque minimization
in brushless dc motors (BDCM) is essential in drives, where speed fluctuation,
vibration, and noise should be minimized. In this paper, a study is done on the
effect of the ratio of the input voltage “V,*: to input frequency “f" on the torque
harmonics produced in two drive systems: the BDCM fed by square wave inverter,
and the BDCM fed by PWM inverter. For each drive system, the ratio of V/f at
which minimum torque harmonics occur is deduced. A comparison is then done
between this value of V/f in the two drive svstems. Results showed that minimum
torque harmonics take place at higher values of V/f in the squarc-wave inverter-fed
BDCM drive. Hence it is concluded that. at a given speed. lower torque harmonics
occur at relatively higher values of load torque in the square-wave inverter-fed
BDCM drive. Two fuzzy logic controllers (FLC) are designed for cach drive
system to control Vs/f, while keeping the motor current within limit. Smooth start-
up speed and electromagnetic torque are obtained in both drive systems due to the
use of FLC.

List of Symbols

P : the number of pole pairs

Ty : the load torque (N.m.)

B : the damping coefficient(N.m./rad /sec.)
. the rotor speed (rad./sec.)

J the moment of inertia(N.m./rad./sec”.)

r,. stator resistance (ohm)

I : stator current(amp)

V, : motor input ac voltage (vollt)

f: inverter frequency (Hz.)

y,: stator flux linkage (web)

T.. : fundamental clectromagnetic torque (N.m.)
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With the recent increasing demand of high-performance permanent magnet
brushless dc motors (BDCM), it is important to evaluate and reduce torque ripples.
These ripples are responsible for irregularities of speed, which can be compensated
only to a certain extent by means of speed control. There are three main sources of
torque production in BDCM, ie. cogging torque, reluctance torque, and mutual
torque. Cogging torque is gencrated by the interaction of rotor magnetic flux and
angular variation in stator magnetic reluctance. Reluctance torque results from the
interaction of the current mmf with the angular variation in the rotor magnetic
reluctance. Mutual torque results from the mutual coupling between the stator
winding current and the rotor magnetic field. A great deal of study has been
devoted to identifying and minimization of torque ripples [1]-[6]. One of the
approaches used to cancel the pulsating torque components is to use progtammed
excitation waveforms for the phase currents [1]. This approach assumes...that
_sufficient information is available about the pulsating torque characteristics of the
specific PM machine to derive the necessarv excitation current waveforms. to
achieve the desired cancellation. In reference [2], a complex Fourier series
decomposition was used to find a closed form solution for current harmonics that
eliminate torque ripples. In references [3-5]. various estimation and observer
techniques for torque and flux have been proposed to generate the nccessary
feedback signals for suppressing the pulsating torque components. However, flux
estimation algorithm still depends on pre-knowledge of motor resistances and
inductances, as well as the torque constant, which are scnsitive to changes in motor
temperature. A technique for commutation torque minimization is described in
reference |6], where PWM excitation pulses are introduced during intervals when
each motor phase would normally be unexcited. This technique suffers from the
fact that they are open loop in nature. requiring customized tuning for each sct of
machine parameters.
In this paper, a studyv is done on the effect of the ratio of input voltage V, : to input
frequency “f on the torque harmonics produced in two BDCM drive systems. The
first drive is a BDCM fed by square- wave voltage-source inverter. The second
drive is a BDCM fed by a current-regulated voltage-source PWM inverter. For each
drive svstem the ratio of V/f at which minimum torque harmonics occur (Vy/f),, is
deduced. A comparison is then done between (V/f),, in the two drive systems. The
torquc spectrum for variable V/f ratio is plotted as a percentage from the
fundamental electromagnetic torque. to sct a basis for comparison. Results showed
that minimum torque harmonics take placc at higher valucs of (V/f)y, in the
squarc-wave nverter-fed BDCM drive. This result indicates that.' at a certain
reference  speed, lower electromagnetic torque harmonics occur at relatively higher
values of load torque in the square-wave inverter-fed BDCM drive. This means that
for the square-wave inverter-fed BDCM drive better performance is obtained at
high load torque, while for the PWM inverter-fed BDCM better performance is
obtained at relatively lower values of load torque. Two fuzzy logic controllers
(FLC) are designed for each drive system to control Vs/f . while keeping the motor
current within limit. Smooth start-up speed and electromagnetic torque arc obtained
in both drives systems due to the use of FLC.
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I1. System Description

Two drive systems employing permanent magnet brushless dc motors ‘BDCM’ are
mvestlgated In the first system, a square-wave voltage-source inverter, whose dc
input is supplied from a Cuk converter, feeds the BDCM. The Cuk converter d¢
voltage and the inverter frequency are controlled via two fuzzy logic (FL)
controllers. In the second system a current regulated voltage source PWM inverter
whose dc input is supplied from a Cuk converter feeds the BDCM. The modulation
ratio and the modulation index of the PWM inverter are varied using two fuzzy
logic (FL) controllers. The controllers are also responsible for adjusting the input
current to be within the rated value of the BDCM, at different values of load torque.

111. Mathematical Model of Brushless DC Machine (BDCM)
In the stationary reference frame (denoted by the superscript “s”, the voltage
equation of the stator winding of a salient- pole BDCM is given in space vector
notation as follows |7]:
Vi1, 15 + d W /de (1)
where,
V* is the stator voltage, i’ is the stator current 15 is the winding resistance, and W,
is the stator flux linkage, t© = o, t, andw,is the angular stator frequency.
The stator flux linkage is composed of a contribution from the stator current, and of
the component ‘¥ ; relating to the permanent magnet field of the rotor:
W= L5 (B) * 1 + W51 (8) (2)
and the saliency of the rotor is expressed by the inductance matrix given as:

. {O,S(L,, +L,)+0.5(L, -L,)cos(25) 0.5(Ly +L_)sin(25) }

0.5(L, + L )sin(28) 0.5(Ly +L,)+0.5(L, - L, )cos(25)

This matrix reflects the influence of the d-axis inductance Ly and the g-axis
inductance L in the stator as a function of the angular rotor position 8.

From equations (1) —(3). the voltage equation becomes:

V= it +d (LS * i )/d o+ d W (8)/dt 4)
In order to decouple the variables and simplifv the cquations. the rotor ~fixed
reference frame is used. The coordinate transformation lcads to the following
equation removing the superscript s’

¥ dig /dt+ iy = - o ¥ i -[j oWt o d(Ws 8)/dB)Y/ r + Vi/rs )
The term -j o T.¥i, indicates that the stator winding rotates at the angular velocity -
o against the reference frame. The stator time constant is expressed by:

=L,/ 1, (6)
where,
L, 0 ,
L, {O" ; }:C*L’i(&)*("f (7)
Y

is the matrix of the stator inductance in rotor coordinates. It is obtained by using the
transformation matrix:

cos(d) sin(0) :
C(o) = .( ) (.. (8):

—sin(d) cos(o) _
The magnet-induced back EMF in ¢q. (3) 1S : ~.
V.= —j oW, +odW¥, (8)/d8)|= V., + Vpu ‘ (9)



‘Ihe first term in (Y) 1s the tundamental back-EIVIF COMpPONENt Vi WNIch 1S augnea
with the g-axis, and its magnitude _is proportional to the angular velocity ®. The
second term describes the variation of the flix linkage ‘P ; with the rotor position
angle 8. This variation is zero in rotor coordinates if the spatial distribution of the
permanent magnet flux linkage is sinusoidal. In a real PM machine, the flux
density distribution is approximately rectangular, hence this term exists deﬁmng
the space vector of the back EMF harmonics in the stator winding.

The electromagnetic torque generated by the fundamental distributions is expressed
as:

Teo = [Ws x1is] = [(Ls *is +Wy) x 1] (10)
The torque contribution of the flux linkage harmonics is derived from the
equivalence of electrical and mechanical power as: ’

Tu(8)= (Vin. i) @ (11)
The mechanical system dynamics is described by the following equation of motion:
do/dt = [Te, + Tu( 8) + T 8) - Ty -Bel/ J (12)

where, T, is the fundamental electromagnetic torque, Ty( &) is the harmonic torque
caused by non-sinusoidal flux linkage distribution, Ty ( 8) is the torque due to stator
slotting (cogging torque), and T, is the load torque.

IV.BDCM Characteristics with Square-Wave Voltage Source Inverter
In this case the machine is fed with square-wave voltage whose magnitude and
frequency could be varied independently. Using Fourier series, the input voltage
waveform can be represented as follows:

V_(wt) = Z(an cosnwt +b_ sin nwt) ' (13)
n=l

Assuming the input voltage waveform is half-wave symmetrical, and that the stator

winding is star connected without neutral, a, and b, are given by{8]:

a,=0 (14)
b,=Z (4 Vynr) cos nn/6 (15)
-~ n=1,5,7,..
where V, is the magnitude of the dc input voltage and n is the order of harmonic,

n = 6k+l for positive sequence harmonics, n=6k-1 for negative sequence

harmonics, and k=0,1,2,3,... The pulsating torque is produced by the interaction of
flux harmonics with current harmonics of different order.

From equations (1) through (15) the torque harmonics of the square wave inverter-
fed BDCM.are derived.

(i) Torgque harmonics at constant input voltage and variable input
frequency '

In this study, the converter voltage is kept constant at its rated value., while the
inverter frequency is varied. The torque spectrum for variable V/f ratio is plotted as
a percentage from the fundamental electromagnetic torque, to set a basis for
comparing between torque harmonics at different loading conditions. The torque
harmonics magnitude relative to the fundamental electromagnetic torque magnitude
at V/f values of 2.2, 4.4, and 5. are shown in Fig.(1). From this plot it is clear that
minimum torque harmonics occurred at Vy/f equals 2.2.
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(ii)  Torque harmonics at variable input voltage and variable input
frequency
In this study both the input voltage V,and the inverter frequency f are varied. The
torque harmonics magnitude as a percentage from the fundamental electromagnetic
torque magnitude are calculated at two values of V, /f for each inverter frequency
(100Hz., 75Hz. 50Hz. 45Hz, and 40Hz). The results are plotted in Figures (2)-(6)
respectively. The plotted harmonic spectrum shows that minimum magnitude of
electromagnetic torque harmonics is obtained at V/f equals 2.2 for all frequencies.
Thesc results prove that minimum magnitude of torque harmonics takes place at the
same value of V/f for all speeds. According to this analysis, it is concluded that for
a specific BDCM: minimum torque harmonics are obtained at a single value for
VL.
It is worth mentioning that testing torque harmonics at values of V/f lower than 2.1
led to failure in the drive performance. Also values of V/f higher than 5 may causc
saturation.
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Fig (2). Torque Harmonic Spectrum at Two Values of V/f for f=100Hz.
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Fig.(4). Torque Harmonic Spectrum at Two Values of V/f for f=50Hz
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Fig.(3).Torque Harmonic Spectrum at Two Values of V/f for f= 45Hz
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Fig.(6). Torque Harmonic Spectrum at Two Values of V/f for f= 40 Hz

(ii1) Applied Fuzzy Logic Controllers

Fuzzy logic controllers (FLC) are known by their insensitivity to parameter
variation. as well as their ability of smooth starting of electric drives |9]. These
advantages arc highly requircd for the BDCM driven by the square-wave voltage
-source inverter. Hence two fuzzy logic controllers are designed to control the
converter voltage and inverter frequency with a control scheme shown in Fig. (7). In
this control scheme, the d-q current components, after limiting to rated valuc. arc
used to calculate the torque and compare it with the torque command. The first
controller (FLC,) adjusts the dc voltage of the Cuk converter. The inputs to FLC; are
the speed error and the change in the speed error. The output of FLC, is adjusted to
produce the duty cycle of the Cuk converter. The second controller (FLC,) adjusts
the frequency of the inverter while regulating the input BDCM currents. The inputs
to FLC. are the torque command error, and the output of FLC, after tunning, to be
indicative of the emf voltage. The output is tuned to adjust the inverter frequency:.
In order to apply the fuzzy logic controllers for achieving the goal of minimum
clectromagnetic torgue harmonics at a given load. a lookup table is first composed to
rclate the valuc of input voltage with the inverter frequency to get (V./f),, at which
minimum harmonics occur. These results arc obtained from simulating the BDCM,
(paramcters given in Appendix) within the allowable valucs of load torque and
speed range. From these results, the rules relating the mnput and output variables of
FLC, to achieve the goal of minimum torque harmonic within the operation range
considered, taking the current limit into consideration. are concluded as given in
Table 1. While those relating inputs with output of FLC- are given in Table II. Seven
triangular membership functions are chosen for the inputs and outputs of FLC,,
while five triangular membership functions are chosen for the inputs and outputs of
FLC.. The linguistic variables of these functions are defined as:

hn ( high ncgative), mn (meduim negative), In (low negative).ze(zcro), Ip(low

positive), mp (meduim positive). and hp(high positive).
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The speed and electromagnetic torque at start-up for the FL-controlled BDCM ted
by square-wave inverter are shown in Fig.(8). The motor reaches steady state
slowly due to applying rated load at starting.

Table I
error
hn |mn |ln {ze |lp |mp|hp
hn {ze |lp |lp |mp|bhp |hp thp
Change |mn |In jze |lp |lp |mp|hp {hp
Of In |In [In |ze {Ip |lp |mp|hp
error . jze |mn |ln |In |ze [Ip |lp | mp
Ip {hn {mn|In |In |jze |lp |Ip
mp |hn |Hn |mn |mn |[In jze |lp
hp {hn |Hn [hn |mn |mn|ln | ze

Tablcll
Error of voltage

bn |In |ze |lp |hp
hn |hn |hn [In |In | ze
Error In 'hn|ln |In [ze |lp
Of ze |bn|ln |ze |Ip |lp
Torque |Ip [In |ze |Ip |lp [hp
hp |ze |Ip |hp |hp |hp

oc | . Cyk ) - Vel
Voltage Converter —I_ —_@
A
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Limiter transformation
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01 drdt
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Fig.(7) Control Scheme of Squarc Wave Inverter-Fed BDCM
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Fig.(8) Speed and Electromagnetic Torque at Startup for the BDCM Fed by Square-
Wave Inverter

(v).BDCM Characteristics with PWM Voltage Source Inverter

The dc power available at the converter output is filtered and converted to ac power
using a current regulated voltage source PWM inverter. The inverter output consists
of sinusoidally modulated train of carrier pulses, both edges of which are
modulated such that the average voltage difference between any two of the 3-phase
‘output varies sinusoidally. Varying the dc side voltage of the PWM inverter Teads
to an inverter topology with hybrid characteristics of current and voltage source
configurations. The sawtooth frequency is kept constant at 1 KHz. This low
sawtooth frequency is chosen to reduce the switching losses in the MOSFETS used
to build the PWM inverter. Also since the BDCM rating is less than 1 KW, high
inverter losses will severely affect the system efficiency. The n™ harmonic
component of the modulated phase voltage, as given by Fourier analysis, is:

V, & . . '
Vi =32+ CONRE g = P g SIN(6,,) = 00516, = M7 N6, ) (16)
k=1

+cos(n8; ; — nMy,,, sin(b; ) —cos(n8, , —nMy, ., sin(g,,))
Where Vqis the input dc voltage, M is the modulation index, n is the harmonic
number, r is the modulation ratio, y is the maximum displacement of the edge, and
0% , B2 , and B, are defined as:
01x = (2k-2)*7/r; O = (2k-1)*n/r; 65y = 2k*n/r

(i)Torque harmonics at variable V/f ratio

In this study the modulation index of the PWM inverter is changed hence changing
the average voltage input to the BDCM and the input frequency, i.e. changing the
ratio of average output inverter voltage to inverter frequency. The spectrum of the
electromagnetic torque harmonics magnitude relative to the fundamental
electromagnetic torque magnitude at different values of V/f are shown in figures
(9) (10) and (11) for clearer view. Figure (9) shows the harmonic spectrum for three
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values of V1, namely. 4.4, 2.2, and 1.38. Figure (1U) shows the harmonic spectrum
for Vs/f values of 1.65.1.5 and 1.1. Figure (11) shows the harmonic spectrum for
VJ/f values of 1, 0.88, 0.66, and 0.44. Comparing these three figures shows that the
magnitude of electromagnetic torque harmonics is minimum at V/f equals 0.44.
Lower values of V/f led to unstable operation of the drive.

Toraue harmonic %
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Fig.(9) Torque Harmonic Spectrum at High Values of V/f for PWM Inverter Fed
BDCM
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Fig.(10) Torque Harmonic Spectrum at Lower Values of V/f for PWM Inverter
Fed BDCM
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Fig.(11) Torque Harmonic Spectrum at Lowest Valucs of V/f for PWM Inverter
Fed BDCM
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(ii) Applied Fuzzy Logic Controllers
A similar control scheme as designed in the case of square-wave inverter fed
BDCM is applied to the PWM inverter fed BDCM, as shown in Fig.(12). A lookup
table is first composed to relate the value of input voltage with the inverter
frequency to get Vs/f at which minimum harmonics occur It differs from the lookup
table of the of square-wave inverter fed BDCM due to the different values of Vs/f
at which minimum harmonic torque occur. The lookup table is composed
depending on simulation results described in previous sections and given in Table
I for both FLC, and FLC, , where the five, previously described triangular
membership functions are chosen for the inputs and outputs of FLC; and FLC,. The
output of FLC, is compared with the sawtooth carrier frequency and output gives
the three phase pulses of PWM inverter.

0\
e _ Cuk T PWM /\Q /
Voltage Converter T VSI o) k BDCM
| | B
7Y x o
Carrier ? ? -
’ PWM 1 Iy 1c
P! modulato
FLC Ty la comamate €
: 1:‘é<, Function : Litniter ] (run‘:::rl:::l:on —
—

-TL T I *

O P d/dt
FLC, 0, er
ﬂ drdt T(D ref.

Fig (12) Control Scheme of Current-Regulated Voltage Sourcc PWM Inverter-Fed
BDCM

Tablc 111
Error of voltage
hn [ In | ze | Ip | Hp
Error [ hn |hp [hp | Ip | Ip | Ze
of In |hp{lpjlp |z | Ln
Torque | ze | lp |lp| ze | In | Ln
Ip |lplze{ In [ In | Hn
hp {ze |In| In | hn | Hn

The starting torque characteristics for this optimum ratio of V/f is shown in
Figs.(13). where smooth steady state torque is reached within reasonable time.
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Fig (13) Starting Torque of PWM Fed BDCM

V1.Comparison Between V/f for the two Drive Systems

To conclude the operating conditions that lead to minimum electromagnetic torque
harmonics for the two studied drive systems, a comparison is done between the
values of (Vy/f),, that leads to minimum harmonics in both systems. Comparing
figure (1) with figure (9) shows that at V/f =4 4, torque harmonics are higher in
the PWM inverter-fed BDCM. While comparing figure. (1) with figure (11) shows
that operation of the PWM inverter fed BDCM is possible at values of V/f much
lower than the square wave inverter fed BDCM. It is also concluded that there is a
lower limit for V/f below which unstable operation of the drives occur. This lower
limit is found to be 2.2 for the square wave inverter fed BDCM. while it equals
0.44 for the PWM inverter fed BDCM. Hence it is recommendable to operate the
square wave inverter fed BDCM at higher load torque than the operating load
torque of the PWM inverter fed BDCM.

VIL.Conclusion

In this paper, the electromagnetic torque harmonics generated in two systems of
BDCM drives are studied and compared. The first system is a BDCM drive fed by
square- wave voltage source inverter while the second system is a BDCM drive fed
by a voltage source PWM inverter. The study aimed at finding the ratio of average
input voltage to input frequency that leads to minmum electromagnetic torque
harmonics. The harmonics are calculated as a ratio to the fundamental torque
magnitude to put a base for comparison between the operating conditions of the
two drive systems.. For the square-wave inverter fed BDCM it is concluded that
reasonable operation range of the drive is within 2.1< Vy/f <4.4, and minimum
clectromagnetic torque harmonics occur at Vy/f=2.2 at all speeds. For the PWM
inverter fed BDCM, lower values of V/f at which minimum electromagnetic torque
harmonics occur were possible. Also the range of reasonable operation is wider
where V/f ranged from 0.44 to 4.4.
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It is also concluded that it is recommendable to operate the square wave inverter
fed BDCM at relatively high load torque as compared to the operating load torque
of the PWM inverter fed BDCM.

For each system two Fuzzy Logic Controllers (FLC) are designed to achieve the
goal of minmum electromagnetic torque harmonics at different values of load
torque. Lookup tables are concluded from the simulation results and used to design
the fuzzy logic controllers. The main benefit of FLC is the insensitivity to
parameter variations and the easiness of implementation.

The starting torque is presented for each system, showing smooth starting in both
BDCM drives. These characteristics also prove the high performance of the
designed fuzzy logic controllers for both systems.
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Appendix

Rated power=800 W Rated speed = 1500 rpm .

No. of Pole=4. L= 0.61mH: J=2*107Kg.m
¢=0.175 Wb =90 ohm: Ly =0.24mH

Cuk converter Capacitor= 480 pf Cuk converter frequency =15KHz
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