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Abstract—PM BLDC drives are utilized in a variety of
applications because of their inherent features, and would be
even more utilized if their torque performance could be
improved. Indeed, when supplied with square-wave currents,
the torque-speed characteristic undergoes a drop at high speeds
and a significant torque ripple arises at both low and high speeds
due to the commutation phenomena. In this paper, the
sinusoidal current supply of the PM BLDC motors is
investigated in depth, and an analytical formulation of the
torque-speed characteristic, the torque ripple and the base
speed for such a supply are found. Based on the resulting
equations, a thorough convenience analysis of the sinusoidal
current supply is carried out with respect the square-wave one
in presence of the commutation phenomena, hereafter termed
the real square-wave current supply. Simulation and
experimental tests for a study case are given to corroborate the
theoretical results. Generation of the sinusoidal current
references using Hall sensors is also discussed

Index Terms — PM BLDC drives; torque-speed
characteristic;  torque ripple; sinusoidal current supply;
square-wave current supply.

NOMENCLATURE
a,b,c  Motor phases
€j Instantaneous motor phase back emf (j = a,b,c)
E Magnitude of the flat-top portion of g;
ij Instantaneous phase current (j = a,b,c)
I Magnitude of the square-wave phase currents
s Peak magnitude of the sinusoidal phase currents
lag Magnitude of the d,q current components
ko=k® Motor constant, where k is the armature constant and
@ is the flux
L Inclusive inductance of a motor phase
R Resistance of a motor phase
p Pole pairs
pi, Instantaneous electric power
P Active electric power
TR Torque ripple
Vin Instantaneous phase voltage (j = a,b,c)
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Vn Nominal motor voltage

\A Peak magnitude of the voltage drop across L
T Instantaneous motor torque

T Average motor torque

0 Angular phase

Q Motor speed

Subscripts B, N, pu denote base, nominal and per-unit
quantities, respectively. Subscripts s and ¢ denote quantities
relevant to the sinusoidal and real square-wave current
supply, respectively.

I. INTRODUCTION

ermanent-magnet (PM) brushless (BL) motors are

characterized by efficiencies and power densities

higher than brushed DC and induction motors of the
same size [1]. To change the operating speed, the PM BL
motors are fed by inverters and the resulting setups constitute
a drive. According to the shape of the motor back-emf, which
can be trapezoidal or sinusoidal, the PM BL drives are termed
PM BL direct current (BLDC) or PM BL alternating current
(BLAC) drives, respectively [2].

PM BL drives are utilized in a variety of industrial and civil
equipment, ranging from machine tools to home appliances
and electrical traction [3], [4]. In general, PM BLAC drives
are preferred for their constant torque-speed characteristic
and smooth instantaneous torque, whereas PM BLDC drives
are preferred for their robust structure and inexpensive sensor
arrangement [5]. As a return, the torque-speed characteristic
of the PM BLDC drives drops at high speeds and their
instantaneous torque is affected by a significant ripple at both
low and high speeds [6].

Actually, for the PM BLDC drives to exhibit a constant
speed-torque characteristic up to the base speed and a ripple-
free instantaneous torque, two conditions must be met,
namely i) supply of the motor phases with square-wave
currents having steeply edges, i.e. with currents having an
ideal square waveform, and ii) synchronization of the edges
of the currents to the flat portions of the back-emfs. While
synchronization is easily achieved by means of three Hall
sensors located on the stator, the ideal square waveform can
not be achieved. This because the phase inductances of the
motor slow down both the rise and the fall of the phase
currents, originating the commutation phenomena. The
ensuing supply is hereafter termed real square-wave current
supply. Consequently, the torque performance of the PM
BLDC drives is impaired in terms of capability of both
developing the nominal torque up to the base speed and
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exhibiting a smooth instantaneous torque. Torque
performance impairment due the commutation phenomena
has been discussed in many papers [7]-[9]. To cope with such
an impairment, a number of control techniques of the phase
currents during the commutations have been proposed [10]-
[16] but they either eliminate partially the above-mentioned
shortcomings or make the drive control somewhat complex.
For instance, paper [14] minimizes the torque ripple by a
selective elimination of torque harmonics achieved through
the supply of the motor phases with a sinusoidal-like current
waveform, distorted with injection of harmonics of proper
amplitude and phase. Papers [15] and [16] remove torque
ripple in two steps: the off-line detection of the profile of the
back-emfs of the motor and the on-line manipulation of the
instantaneous value of the phase currents, executed by
accounting of the detected back-emfs, for the developed
torque to be constant.

This paper analyzes the convenience of supplying the PM
BLDC motors with pure sinusoidal currents to mitigate the
torque performance impairment due to the real square-wave
current supply. Although other papers [17]-[19] have dealt
with the sinusoidal supply of the PM BLDC motors, they
have mostly faced applicative aspects rather than expatiating
on a theoretic analysis on the achievable torque performance
or on a comparison of the performance against that one of the
real square-wave current supply. Indeed, paper [17] has
redesigned the PM BLDC motor to modify the back-emf
waveform with the aim of reducing the torque ripple when the
motor is supplied with sinusoidal currents. Paper [18] has
studied the behavior of a PM BLDC motor supplied with
either sinusoidal or square-wave currents, whereby the study
is executed by simulation. Paper [19] has proposed to supply
a PM BLDC motor with voltages of sinusoidal waveform but
this supply gives rise to currents that, besides the fundamental
one, contain harmonics whose interaction with the harmonics
of the trapezoidal phase back-emfs still produces a torque
ripple even if by a different mechanism.

Unlike [17]-[19], this paper i) provides an analytical
formulation of the torque-speed characteristic, the torque
ripple and the base speed of a PM BLDC drive with
sinusoidal current supply, ii) compares the torque
performance of the PM BLDC drive with the ones obtained
when the drive is supplied with real square-wave current
supply. Comparison executed on the basis of the analytical
results is supported by experimental measurements, and
shows that the sinusoidal current supply outperforms the real
square-wave one almost everywhere over the speed range.
Experiments refer to the study case of a commercial PM
BLDC drive the data of which are reported in the Appendix
Section.
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Fig.1. Circuital scheme of PM BLDC drive.

Il. PM BLDC DRIVE

Fig.1 shows the scheme of a PM BLDC drive. The motor
has no neutral connection and is represented in Fig.1 by its
equivalent circuit. To fully exploit the motor capabilities, the
voltage of the DC source feeding the voltage source inverter
(VSI) is set at the nominal motor voltage V.

A. ldeal square-wave current supply

The trapezoidal back-emfs and the ideal square-wave
currents supplying the motor phases are traced in Fig.2, where
& is the angular phase in electrical radians, E is the flat-top
value of the back-emfs and | is the magnitude of the square-
wave of current. The current flows in a phase during a supply
period for two intervals the length of which are 24/3.

The subsequent analysis is carried out in steady-state under
constant motor speed £2. Then the supply angular frequency
£, and the angular phase are expressed as

Q= pR2, Gy=0t €Y)

The conventional nominal speed £ and no-load speed (%
of the motor are co-related with the nominal motor voltage Vi

by
_ VN — 2RIy

Q0 _,, 0
N 2k, o

= V_N (2)
2k

In the first equation of (2), I is the nominal motor current,
and Vn - 2RIy is equal to 2En, where En is the nominal
magnitude of E, given by

EN = k@.QN (3)
The instantaneous motor torque zcan be expressed as

_ P
=, 4)

where p; is the instantaneous electric power converted into
mechanical form and is expressed as

Pi = €ala + €y +€ci¢ (5)
By definition, the average motor torque is the average

value of the instantaneous torque over the supply period. Here
and later on, it is simply termed motor torque. For the ideal
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Fig.2. Phase back-emfs and ideal square-wave current supply.
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square-wave current supply, the power p; is constant, equal to
the active electric power P converted in mechanical form, and
given by 2El. By (4), also the instantaneous motor torque is
constant. In nominal conditions, the active electric power is
equal to 2 Enln and the nominal torque to

TN = Zk(DIN (6)

B. Convenience analysis premises

In practice, injection and removal of square-wave currents
into and from the motor phases are impeded by the phase
inductances (and the limited DC source voltage), giving rise
to the commutation phenomena. Then the currents fail to
maintain the square waveform and, furthermore, even the
waveform of the non-commutating current is altered during
the commutations. As a result, the instantaneous torque
developed by the motor is subjected to excursions that deviate
its value from the requested one, causing the torque ripple.
Torque ripple is more conspicuous at both low and high
speeds. At low speeds because the back-emf is somewhat
weak to remove quickly the current from the phase at the end
of the conduction interval so that the current falling edge is
slowed down; at high speeds because the back-emf is
somewhat remarkable to oppose the DC voltage source in
injecting the current into the phase at the beginning of the
conduction interval so that the current rising edge is slowed
down. At low speeds, the torque ripple does not affect too
much the motor torque that hence takes the value exhibited
with the ideal square-wave current supply. Instead, at high
speeds the torque ripple produces a drop of the motor torque
that is more and more noticeable as the speed increases.

It appears evident since now that the sinusoidal current
supply reduces the voltage requirements across the phase
inductance on account of the softer change of the current
shape. Moreover, the sinusoidal current supply is expected to
be maintained in an equal way at both low and high speeds,
thus avoiding any difference in both the instantaneous and
average values of the motor torque within the speed range.

Analysis of the sinusoidal current supply is carried out by
assuming:

i) equal values for the peak voltage applied across the motor
phases for both the sinusoidal and the real square-wave
supply,

ii) equal values for the rms value of current flowing into the
motor phases in hominal conditions for both the sinusoidal
and the real square-wave supply. By approximating the rms
value of the phase current for the real square-wave supply to

that one of the ideal square-wave, given by \/2/3 I, and by
equating it to the rms value of the phase current for the
sinusoidal supply, given by 1/\/715‘,\, where sy is its peak
magnitude, one obtains

Fig.3. Sinusoidal current supply.

2 1
Sy = —1 7
3 N /—2 s,N ( )
From (7), Isn must be equal to
2
s N =E|N (8)

iii) a negligible voltage drop on the phase resistances.

Moreover, the analysis expresses speed and torque
quantities in per-unit of £ and Ty as defined in (2) and (6),
respectively.

I11. SINUSOIDAL CURRENT SUPPLY

With the sinusoidal current supply, the phase currents are
kept in phase with the fundamental components of the back-
emfs to maximize the motor torque-per-ampere. Back-emf
and current of the phase a are traced in Fig.3. Equation of the
current for the phase a in nominal conditions is then

g =1lsnN Sin(ee) )

Equations of the currents for the phases b and c can be
readily obtained by shifting (9) of -2z/3 and -4x/3,
respectively.

A. Motor torque

The active electric power Ps that the motor converts into
mechanical form is equal to three times the product of the rms
value E1 msOf the fundamental component of the back-emf by
the rms value of the sinusoidal current supply, i.e. t0 3 E1,ms
Is,rms. The peak magnitude E; of the fundamental component
of the back-emf is the Fourier coefficient of order 1 of ea(&);
by exploiting the quarter-wave symmetry of the back-emf
waveform, it is

aee% f 12
Er=—| = [ sin(6,)d0, + E [sin(6,)d0, |=—SE (10)
T T 0 T, a

6

Then Ps, calculated in nominal conditions and expressed as
a function of the peak value of the sinusoidal current, is equal
to

18
Pin =—Enlsn
T

(11

It is worth to mention that the harmonic components of the
back-emf, apart from the fundamental component, do not
give any contribution to the active electric power when the
current is sinusoidal but just determines the torque ripple of
the PM BLDC motor, which is formulated in the next
Subsection B.

By (3), (8) and (11), the nominal motor torque for
sinusoidal current supply is given by

18Ky,
2 IS,N
T

(12)

Ts,N =

and its p.u. expression becomes
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Fig.4. Instantaneous electric power as a function of the angular phase.

i;1.05

Ts.N,pu = \/5”2

Eqg. (13) shows that i) the motor torque is constant from zero
up to the base speed, which is determined in the next
Subsection C, and ii) the nominal torque with sinusoidal
current supply is 5% greater than with the ideal square-wave
counterpart.

(13)

B. Torque ripple

From the trace of p;, calculated according to (5) and plotted
in Fig.4, it can be realized that i) the sinusoidal current supply
produces a torque ripple that has a period of one sixth the
supply period, i.e. of /3, i) the torque ripple has an half-
period symmetry, and iii) within the 7/3 interval around the
origin, the maximum torque occurs at 8=+ /6 and the
minimum torque at #=0. Then the torque ripple for sinusoidal
current supply of nominal magnitude results in

T
TRs N =75\ [i E]_TS,N (O) (14)
and, in p.u., it is expressed as
2 ~
TRs N, pu = ﬁ—l = 0.155 (15)

Note that TR, ), remains the same over the entire speed range

up to the base speed.

A useful remark is about the torque at zero speed: as it
emerges from Fig. 4, the motor torque depends on the
position of the rotor whilst there is no torque ripple since the
motor is at standstill. Therefore, even if it does not have a
strict meaning, the motor torque and the torque ripple at zero
speed can be defined respectively as the average value and
the excursion of the torque for a span of the rotor position
over an electrical angle of n/3.

C. Base speed
For sinusoidal current supply, the base speed is defined as

Van

€a

e /7[
0mn/6 w2 s 2n '0e

Fig.5. Phase voltage waveform

the maximum speed at which the VSI is able to impress
sinusoidal currents of nominal magnitude into the motor
phases.

The motor phase voltage, f.i. across the phase a, is plotted
in Fig.5. The line-to-line voltage vap of the motor, given by

dii, —i
L—("j1 b)+ea—eb
dt .
v €ab
VL .ab

Vap =

(16)

is plotted in Fig.6. According to the trace, vap has an half-
wave symmetry. Under nominal sinusoidal current, vap is
expressed in the angular interval [0, n/6] as

Vap = V3p2LI \ cos(&e +%j+ k(pg(n Eeej (17)
T

As shown in Appendix A, the derivative of (17) is always
positive, provided that

>1 (18)
Lls N

At nominal speed, the voltage drop on the phase inductance
caused by the nominal current is Vi n = p&ALlsn. Inequality
(18) can be written as a function of V_y and of Ex=ked\ in
the form

EN > ZVL,N
4 (19)

Inequality (19) is well satisfied by the commercial PM BLDC
motors, where the nominal back-emf is much larger than V.
Further to (19), vap reaches the peak at 8.=n/6, and the peak
magnitude is equal to

J3
Vab,peak = 7 peAl sN Tt 2k<D-Q (20)

In turn, the maximum magnitude of the line-to-line peak
voltage generated by a VSI in the linear modulation zone is
equal to the DC source voltage Vn. Then, equating Vap peak t0
Vn and solving for £, it follows that the base speed for the
sinusoidal supply is

Vy 1
Qp= - 0, = 21
s,B 2Kg . \/5 pLI ¢y s,B,pu 1+ 6, (21)
+77’
2 2kg
Vab
€ab
VL,ab
-n/6 |0 /6 T 2n >n99

Fig.6. Line-to-line voltage waveform.
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In (21) the motor-specific parameter @ is introduced,; it is
given by

o, éﬁ PLIsn _ pLIy 22)
2 2kg 2k

where the last relationship descends from (8). Parameter Gn
has the dimension of radians and takes a typical value of a
few cents of radian for most PM BLDC motors. It plays a
significant role with the real square-wave current supply in
determining the current behavior during the commutations as
well as the torque performance [9].

D. Voltage saturation operation

Beyond the base speed (g, the motor operates under
voltage saturation. In this speed range, that goes from g to
£, the magnitude of the sinusoidal current must be reduced
for the VSI to operate in the linear modulation zone.
Therefore, by (20), the peak magnitude of the current under
voltage saturation turns out to be

L2 Uy 2k
s,sat \/5 pQL

As demonstrated in Appendix B, the motor torque and the
torque ripple, under voltage saturation and supply current
magnitude in (23), become

(23)

18 1_qu :105 1_qu

Ts sat,pu = = (24)
S8 'pu ‘\/57[2@”] qu @m qu
2 4
TR _3 T 1% 0155 172, (25)
s,sat,pu — =
On 2y Oy 2

pu

IVV. TORQUE PERFORMANCE COMPARISON

A. Real square-wave current supply

In this Subsection, the torque performance of a PM BLDC
drive with real square-wave current supply is reminded. As
documented in the literature [8], two different commutation
processes occur depending on whether the motor speed is
lower or greater than (/2. As a matter of fact, in both the
processes, during the first part of the commutation interval,
all the three motor phases conduct because the phase current
to be removed continues to circulate through the relevant
free-wheeling diode. Instead, during the second part of the
commutation interval that starts at the angle when one of the
two commutating currents reaches first its final value, there
is the transient of either the injected current to reach the
required magnitude or the removed current to reach the zero
value.

A close investigation of the characteristics of a PM BLDC
drive produced by the commutation phenomenon is carried
out in [9]. It shows that for the commutation process
occurring at low speeds -denoted by the subscript ¢ -, the
torque excursion during the commutations is positive and the
motor torque exceeds, even if only a little, that one with the
ideal square-wave current supply. Under nominal current, the

motor torque is

30, 1-20,,
T S R Bl 26
a.4.pu 21 2-02,, (26)
and the torque ripple is
1-20,,
TR0 pu = = 27)
q.0,p 2- 0y,

Instead, for the commutation process occurring at high
speeds -denoted with the subscript h-, the torque excursion
during the commutations is negative and the motor torque is
less than one with the ideal square-wave current supply.
Under nominal current, the motor torque is

36 (Z-qu —1)qu

T =1- 28
a.h,pu 2r 12, (28)
and the torque ripple is
2-0
TR —1-—M 29
g,h,pu 1+qu ( )

For the real square-wave current supply, the base speed
Oy is defined as the maximum speed at which the VSI is
able to bring the injected current at the nominal value Iy at
least at half of the conduction interval of 273, where the
successive commutation of a phase starts. It is

1
0 =— (30)
q’B’pu
1+ 36n
T
and the corresponding torque value is
3 1+ 36n
T, =——FT (31)
q’B’pu
294 36n
T

Beyond the base speed, the motor operates under voltage
saturation. In this speed range, that goes from ;s to £, the
magnitude of the injected current is less than Iy even at half
of the conduction interval, and the motor torque and the
torque ripple are given by

. 1-Qp,
Tq sat,pu = (32)
48P 20, 2l 2y,)
r -2y )22, -1)
ATq,sat,pu = P P (33)

30, Qul+2,)
B. Convenience analysis

The p.u. motor torque and torque ripple for the sinusoidal
and real square-wave supplies are plotted in Figs. 7 and 8,
respectively. As a case study, the commercial PM BLDC
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drive with the data reported in Appendix C is used.

A cross-examination of the graphs shows the better
performance of the sinusoidal current supply both from the
point of view of the motor torque and the torque ripple. In
addition to the already mentioned 5% greater value of the
motor torque, the graphs of Fig. 7 together with the data
reported in Tab. I, point out that i) the PM BLDC drive with
sinusoidal current supply develops a constant torque up to the
base speed while its real square-wave counterpart develops a
torque that decreases starting from about half the base speed
and becoming about 0.77 times lower than the nominal torque
at the base speed, ii) the base speeds for the two types of
current supply are almost equal, and iii) beyond the base
speed, the torque of the PM BLDC drive decreases in a nearly
linear way for both the current supplies.

Besides, the graphs of Fig. 8 point out that i) the torque
ripple with sinusoidal current supply is constant from zero up
to the base speed, while it varies with the real square-wave
current supply; the reason is that the current waveform
remains sinusoidal at any speed for the sinusoidal current
supply while it changes with the speed during the
commutations for the real square-wave current supply, and ii)
the torque ripple with sinusoidal current supply is much lower
both at low and high speeds while it exceeds the real square-
wave current supply in a speed interval of about 0.22 p.u.
centered at half of the nominal speed. This because around
/2 the real square-wave current supply experiences an
increase in the injected current that occurs at nearly the same
rate as the decrease in the current to be removed, thus yielding
a compensating action on the torque excursion [9].

A numerical computation has been executed to investigate
the effect of the motor resistances on the speed-torque
characteristics of the PM BLDC drive with the two types of
current supply. The investigation has revealed that the voltage
drop across the motor resistances reduces the base speed of
about the same quantities for the two current supplies. To be
more precise, the base speed reduction is 0.9 times the value
reported in Tab. | for the sinusoidal current supply and about
0.89 times for the real square-wave current supply. This
proves that the assumption of neglecting the voltage drop on
motor resistances does not modified the above results
substantially.

The traces of the instantaneous torque obtained by a
computer-assisted analysis for the two types of current supply
are plotted in Fig. 9 (a) and (b), respectively. The traces refer
to a motor speed of about €2,,=0.8 (i.e. 575 rpm), and to the
nominal current Iy (50 A) for the real square-wave current
supply and Isn (58 A) for the sinusoidal current supply. The
motor torque is equal to 0.93 p.u. with the real square-wave
supply while it reaches 1.04 p.u. with the sinusoidal current
supply; both the values are in good agreement with the results
of Fig. 7. Torque ripples, instead, are a few percent greater

TABLE |. PM BLDC DERIVED QUANTITIES

Data Symbol Value
Motor-specific parameter On 46.8 mrad

Base speed

with sinusoidal current supply Oogpu 0.955
Base speed

with square-wave current supply e 0.957

Torque at base speed T 077
with square-wave current supply aBpu '

1 N\\'
0 Q|

20.6
'_
0.4 \
0.2 \
Ob 0.2 0.4 0.6 0.8 1

Q
pu

Fig.7. Per-unit torque-speed characteristic with sinusoidal current supply
(x marks) and real square-wave current supply (o marks).

0.6

|
4
o N A T\

B e \

0-1 \\/

Cb 0.2 0.4 0.6 0.8 1

Q
pu

Fig.8. Per-unit torque ripple vs. speed with sinusoidal current supply (x
marks) and real square-wave current supply (o marks).

than the results of Fig. 8 and are due to the torque harmonics
produced by the high-frequency current harmonics ensuing
from the PWM voltage supply. In any case, the torque ripple
with the sinusoidal current supply is about half of the torque
ripple with the real square-wave current supply, thus
demonstrating the convenience of the sinusoidal current
supply.

A question can arise about the behavior of an equivalent
PM BLAC motor having a peak back-emf equal to that one
of the PM BLDC motor and supplied with a sinusoidal
current whose the rms value is equal to that one of the PM
BLDC motor. As explained in [5], in nominal conditions the
torque developed by the PM BLAC motor is 0.866 times less
than the one of the PM BLDC motor; therefore it is about
20% less than the nominal torque of a PM BLDC motor with
sinusoidal current supply. The trace of the instantaneous
torque for the PM BLAC motor at about £2,,=0.8 is plotted in
Fig. 9 (c). Like for the sinusoidal current supply, it exhibits a
torque ripple produced by the high-frequency current
harmonics ensuing from PWM voltage supply.

C. Efficiency
The efficiency of a PM DC motor can be expressed as

Px,m,pu—Px,im,pu

M = Px,m,putPx,1BputPxlcupu (34)
where subscript x stands for q or s according to the current
supply, Pxmpu is the total electromagnetic power generated by
the motor, Py m,pu are the mechanical power losses, Py, pu are
the magnetic power losses and Py icu,pu are the power losses in
the phase resistances, all expressed in p.u.

To simplify the analysis, let us i) approximate the losses of
the real square-wave current supply to the ones of the ideal
square-wave supply, and ii) neglect the power losses Pximpu
and Pys,pu.
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Fig.9. Instantaneous torque with (a) real square-wave current supply,

(b) sinusoidal current supply, and (c) sinusoidal current supply of an
equivalent PM BLAC motor.

For the square-wave current supply, Pgmpu and Pg,icu,pu at
nominal rms current are respectively given by

P — {Tq,f,puﬂpu for Q,, <05 @5)
qmpu Tg npullpu for 0.5 < Qpy < Qg ppu

_ BIFR
Pq,lCu,pu = kiyon PR,pu (36)

For the sinusoidal current supply with an equal rms current,
Ps.m.pu is given by (37) while Pscupu has the same expression
aS PqJCu'pu.

Ps,m,pu = Ts,N,qupu 37)

Then the efficiency for the two current supplies becomes

Tq.epullpu

Mgl = S for Qp, <05
_ Tq,é’,pu pu+3PR,pu 38
Mg Tonpullp (38)
Ngh = o for 0.5 < Qpy < Qqgppu
Tq,h,pu pu+3PR,pu
Ts,N,qupu
P — (39)
s,N,puflpu+3PRpu

and their ratio is

Ts,Npu Tq,e,pulput3PRpu
ns _ ) TsNpuQput3PRrpu Tq,epu

for Q,, <05
(40)

g Ts,Npu Tqhpulput3PRpu

for 0.5 < Qp < Qgppu

Ts,N,pulpu+3PRpu Tq,h,pu

At the two speeds Qp,=0.955 and ,,=0.455 the efficiency
ratios are

s _ __ 0.78+3.16PR py
- (9, =0.955) = P ey (41)
s _ __ 0.48+3.16PR py

- (9, = 0.455) = 01513007 e (42)

For the study case, Prypu is calculated in 0.058; therefore
(41) and (42) result in

z—:(npu =0.955) = 1.052 (43)

Z—:(qu = 0.455) = 1.014 (44)

Equations (43) show that at high speeds the efficiency of
the motor supplied by sinusoidal current is a little greater than
with the square-wave supply because Ty, is higher of
Ty npu- HoOwever, this difference becomes smaller at low
speeds since the torque developed with the square-wave
supply increases to Ty  ,,,,. Moreover, if Py mpu and Py g pu are
taken into account, the ratio between the efficiencies becomes
closer to unity even at high speeds because these losses have
almost the same value for the two current supplies and their
contribution reduces the effect of the difference between
Tsnpu AN Ty p -

V. EXPERIMENTATION

A. Experimental setup

The scheme of the experimental setup is drawn in Fig. 10.
The control board is built up around the starter Kkit
TMS320F28335 eZdsp, produced by Texas Instrument for its
DSP F28335, and is entered by i) the signals coming from three
Halls sensors, ii) the signal coming from two phase current
sensors, and iii) the torque reference. The control scheme
impresses into the motor sinusoidal currents in-phase with the
back-emfs by operating in a d,q synchronous frame to reduce
the phase shift between reference and actual currents. The
angle selected for the transformation is the angular phase &
of the back-emf of the phase a and is estimated with the block
denoted as “transformation angle estimator” by means of the
algorithm described in the following Subsection.

The torque reference e ranges from zero to the nominal
value in (13) in the constant torque region and from zero to
the value in (24) in the voltage-saturated region to keep the
VSI in the linear modulation zone. From zer, the reference
iasrer OF the d-axis current can be readily obtained from (12)
as

2

T
_ 45
18k, Tref (45)

id,s,ref =

Note that, as a consequence of the angle selected for the
transformation and the current and back-emf traces in Fig.3,
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Fig.10. Sinusoidal current supply scheme.

the torque-component of the current is here given by its d-
axis projection. Under the hypothesis that the d,q
transformation is amplitude-invariant, (45) coincides with the
reference of the peak value of the sinusoidal supply currents.
Since no current is requested along the g-axis, the reference
igsref IS Set at 0.

The two current references are compared to the relevant
feedbacks iqsm and iqs,m. The differences are processed by Pl
regulators to generate the voltage references Vyg,rer and Vs ref
in the synchronous frame, which are then entered together
with @& into the space vector modulation (SVM) block to
generate the PWM commands for the VSI.

Current regulators have been designed by imposing a
control loop bandwidth of 1 kHz with a phase margin of 90°.
Conventional method based on the Bode diagrams has been
used to find out the regulator parameters; then the transfer
function of the controllers has been discretized using the
Euler method and implemented in the firmware of the control
board.

In the experimental setup the load torque is applied to the
PM BLDC motor by help of an ancillary speed-controlled PM
BLAC drive whose motor is engaged to the motor of the PM
BLDC drive through a gear. Speed and torque feedback
signals of the auxiliary drive are read and referred to the speed
and torque of the PM BLDC drive by respectively dividing
and multiplying the read values by the gear ratio.

B. Angular phase estimation

If the angular phase should be determined by detecting the
edges of the Hall signals, it would have a resolution of #/3
radians. Such a resolution is not enough for an accurate
processing in the d,q synchronous frame of the sinusoidal
currents that must supply the motor. To overcome this
problem and, at the same time, to avoid the usage of an
absolute encoder that would be much more expensive than
the Hall sensors, the angular phase & is estimated by the
following algorithm:
s (k) = 6, (k —1)+ QAL (46)
where At is the sampling period, set equal to half of the PWM
period, k is the sampling time, and (2 is calculated as the ratio
of n/3 to the time length of the interval between the two
previously detected edges of the Hall signals. Such a way of
calculating £ is fair since the motor speed does not change
appreciably from a two-edge interval to the successive one if

the interval is enough short, i.e. if the motor speed is not too
much small. The experiments have shown that the speed
accuracy is good for £ greater than about 10% of its nominal
value y. To comply with this condition, the firmware
developed for the experimental setup starts the motor with a
square-wave current supply and automatically jumps to the
sinusoidal current supply when the calculated value of @
exceeds 0.10.

C. Experimental results

At first, correct functioning of the supply scheme has been
verified at various motor speed. For instance, the traces of the
phase currents for the motor rotating at a speed of about 0.28
and 0.90 p.u. are plotted in Figs. 11 (a) and (b), respectively.
The first current trace refers to the PM BLDC drive operating
in the constant torque region at the nominal current whilst the
second one refers to the drive operating in the voltage-
saturated region at about half the nominal current. Note that
distortion of the sinusoidal current and PWM oscillations are
appreciable in the voltage-saturated region since the voltage
drops due to the phase resistance and the VSI leg dead-time
become significant compared to the voltage required to win
the phase back-emf and inductance voltage drop. As a
comparison, Fig. 11 (c) reports the trace of the phase current
for the motor rotating at the speed of 0.82 p.u., which is a little
less than the nominal one, under real square-wave current
supply and nominal current reference. The trace shows that i)
at the injection, the current takes a long time to increase and
-furthermore- does not reach the nominal value, ii) at the
removal, the current takes a short time to vanish, iii) at the
commutation of the other two phases, the current exhibits an
appreciable negative excursion, and iv) as a result, the trace
makes evident one more time the torque drop at high speeds.

Next, the torque-speed characteristic of the PM BLDC
drive is found by measuring the torque developed by the
motor at different speeds. With the view to find it correctly, a
preliminary set of tests have been executed to determine the
friction torque of the experimental setup. To this purpose, the
PM BLDC motor has been disconnected from the VS| and the
torque exerted by the ancillary drive to rotate the PM BLDC
motor has been measured for different speeds. The friction
torque helps braking the drive under test and hence it has been
added to the torque exerted by the ancillary drive to obtain
the total torque developed by the PM BLDC drive. The
resulting torque-speed characteristic of the PM BLDC drive
with the sinusoidal current supply is reported in Fig. 12 both
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Fig.11. (a) Current waveform with sinusoidal current supply at (a) 0.28,
(b) 0.90, and c) current waveform with the real square-wave supply at
0.82. Speeds are given in p.u.

in the constant-torque and voltage-limited region. In the same
figure, the resulting torque-speed characteristic of the same
PM BLDC drive with the real square-wave current supply are
also reported with the stars. The experimental results fully
agree with the theoretical findings, and demonstrate the
overall superior torque performance achievable with the
sinusoidal current supply.

VI. CONCLUSIONS

The paper has formulated the torque performance of a PM
BLDC drive with sinusoidal current supply, in terms of
torque-speed characteristic, torque ripple and base speed.
Afterwards, it has compared the resulting performance with
that one of the drive when supplied with real square-wave
currents. The theoretical results, corroborated by
experiments, have demonstrated that the sinusoidal current
supply outperforms the real square-wave current supply
almost all over the speed range. Indeed, the torque-speed
characteristic is higher, especially when approaching the base
speed, and the torque ripple is lower, apart from a speed
interval centered at half of the nominal speed and long about
22% of the nominal speed.

GO 0.2 0.4 0.6 0.8 1

Q
pu

Fig.12. Torque-speed characteristics for sinusoidal (x marks) and real
square-wave (0 marks) current supplies.

APPENDICES

A. Derivative of the phase-to-phase voltage vap
Derivative of (17), given by

Wap _ —J3paLigy sin(&e LAY T2 (A1)
dé, ' 6 T

is positive if

—2 ___>sin| G, +— (A2)
z/3pLig ° 6

In the angular interval [0, 7/6] it is

1 sinfg,+Z sﬁ (A3)
2 6 2

By (A.3), inequality (A.2) is surely fulfilled if the term on the
right hand-side is higher than +/3 /2 . This leads to (18).

B. Torque under voltage saturation with sinusoidal current
supply

The expression of the torque generated by PM BLDC drive
with sinusoidal current supply while operating in voltage
saturation is derived from (12) and (23) by replacing Isn with
Is.sat, and results in

18X2k(p VN —2k@g
J3r? paL
Eqg. (A.4) can be rearranged as in (A.5) in order to express

Tssat as a function of the parameter @, defined in (22) and of
Tn. Then Tssarpu Can be expressed as in (A.6).

(A4)

Ts sat =

18><2k@ TN VN —ZK(DQ

T = A5

ST 372 plly  2keR (#-5)
18 1 ( Vy

T = — - A6

=7 o e “o

Finally, by expressing in (A.6) the speed Qin p.u,, (24) is
obtained. Eq. (25) can be obtained in a similar way.
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C. Study case PM BLDC drive

A commercial PM BLDC drive manufactured by the
H.T.M. Company has been used as a study case. The motor is
designed for the in-wheel propulsion of light electric vehicles.
The drive comes with a three-phase MOSFET VSI
commanded with a PWM frequency of 14 kHz. Rated values
and measured parameters of the motor are listed in Tab. II.

TABLE Il. PM BLDC DRIVE DATA.

Data Symbol Value
Nominal motor voltage Vi 48V
Nominal motor current In 50 A
Conventional nominal motor speed [N 640 rpm
Phase resistance
(inclusive of the transistor on-resistance) R 50 mQ
Inclusive phase inductance 75 pH
Motor constant Ko 0.32 V-s/rad
Pole pairs p 8
Rated torque Tn 32N-m
Peak torque Te 100 N-m
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