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Abstract: Brushless DC motors (BLDC) present several technical advantages with respect
to conventional permanent magnets synchronous motors. These advantages include higher
rotational speeds, reduced construction complexity and simpler control strategies. This
paper discusses a cost-effective control strategy for BLDC motors characterized by low
stator inductance. The proposed technique is based on an LC filter inserted between the
inverter output and the motor. The filter capacitors are controlled such that three DC voltages
are applied to the stator terminals. An active damping approach is used to control stator
currents and prevents voltage oscillations. Compared with existing solutions, this technique
simplifies the hardware implementation of such a drive system and offers a notable reduction
in the switching frequency with minimal values of the magnetic elements. In addition, high
frequency torque ripples are significantly reduced. The design procedure of this controller is
presented in this paper and the performances are compared with the conventional control
technique.
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1. Introduction

Brushless DC motors use permanent magnets to energize the rotor circuit. The rotating flux of
the rotor generates trapezoidal back-EMFs through the stator phases. BLDC motors substantially
reduce the audible noise and the electromagnetic interferences (EMIs) and offer a higher power
to mass ratio compared with DC motors. For maximum torque operation, the control strategy
should impose a DC current which flows through only two phase windings while the third phase
is floating [1]. Phase commutations are achieved when the rotor travels 60 electrical degrees
by energizing the phases that will produce the most amount of torque. In sensored control
techniques, the rotor position is measured through Hall effect sensors. However, in order to
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simplify the hardware setup, sensorless control strategies were also adopted in many industrial
applications [2]. Several varieties of general-purpose BLDC motors are available on the market
with rated powers ranging from tens of Watt to few kW. Whatever the power range, most BLDC
motors are characterized by low inductance values of stator windings, which results in high current
ripples, and increased vibration of the drive system [3]. In order to attenuate current ripples,
the most obvious solution was to increase the switching frequencies of power converters. This
solution, although its simplicity, leads to higher switching losses and stringent electromagnetic
requirements for the design of the six-switch inverter, particularly, in the medium and high power
ranges. A more straightforward approach was used in [4] and consists in inserting series inductors
between motor and inverter terminals. However, high inductance values prevent fast current
switching during phase-to-phase commutations and, consequently, leads to a pulsating torque
behaviour. Besides, the problems of congestion and inductor saturation impair the effectiveness of
this solution. Therefore, the low inductance value represents an additional challenge for the design
of competitive drive systems based on these actuating devices.

To avoid the aforementioned drawbacks, different advanced control schemes were analysed
in literature. In references [5—7], it was shown that current ripples are effectively reduced if the
DC link voltage is adapted according to the back-EMF induced in the stator phases. Thus, it was
possible to suppress the torque ripple by inserting a buck-boost converter between the DC energy
source and the two-level inverter. The buck converter with redundant switches has been also used
in [8], to develop a fault-tolerant control of low inductance BLDC drives. In this same perspective,
a 180° commutation logic was adopted in [9] for torque ripple reduction. Advanced PWM strategies
are presented in [10] to deal with the issue of low inductance values. A deadbeat digital controller
was developed in [11], allowing one to double the output equivalent frequency from 50 to 100 kHz.

Thus, recent research works have mainly used cascaded converter topologies and hysteresis
controllers for effective control of BLDC motors with low stator inductance. These solutions lead
to complex configurations of drive systems or increase the switching losses in power transistors.
This paper proposes a simple and high-performance method for controlling low inductance BLDC
motors. The proposed solution is based on an LC filter which offers a notable harmonic reduction
and low-cost implementation. An active damping approach is used to control stator currents
and prevents voltage oscillations. Although LC filtering has been used in [12, 13] for harmonic
mitigation in BLDC drive systems, a different control strategy is used in this work, which offers
several advantages over the existent filtering solutions as it will be discussed in the next sections.
The benefits of the developed solution are:

1. Simple and low-cost hardware implementation,

2. Notable reduction of the switching frequency and reduced torque ripples,
3. The high impedance state of inverter legs is not used, which allows using cost-effective
driver circuits with internally-set dead time.

The proposed method is detailed through the next sections of the paper. The first section
presents description and mathematical modelling of the electrical drive system including the filter
and the BLDC motor. The advantages of the proposed configuration are discussed and analysed.
Section 2 presents the conventional trapezoidal control of the BLDC motor based on a simple PI-
controller and a high-frequency PWM technique. The improved control strategy based on an LC
filter is also developed in this section. Finally, simulation results are analyzed in Section 4 and
performances are compared with the conventional trapezoidal control.
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2. System description and modeling

The power chain of the investigated system based on LC filtering is illustrated by Fig. 1. The
BLDC motor is connected to a battery-powered six-switch inverter. E is the battery voltage. An LC
filter is connected between the inverter and the motor to remove the high-frequency components
of the output current.
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Fig. 1. Topology of the drive system with LC filter: (a) topology with servo-controlled inductors [13]; (b)
proposed topology with polarized capacitors

2.1. Characteristics of the proposed configuration

In the solution presented in [13], the LC filter is built up through servo-controlled inductors
along with fixed capacitor elements. The value of the inductors is adjusted according to the rotor
speed. Actually, the filter topology is identified to a third order LCL filter, if the inductance of the
stator windings L is considered. The size of the filter elements defines the resonance frequency
Wres- The expression of wye is given by [14]:

[Li + L,
Wres LiL,C M)

For efficient filtering performances, the resonance frequency should be selected below the desired
switching frequency wy,,. As it can be deduced from Eq. (1), lower resonance frequencies are obtained
by increasing the filter inductance L; or the filter capacitor value C. According to the configuration of
Fig. 1(a), the sum of currents flowing through the filter capacitors is equal to zero: iy + iy +ic3 = 0.
Thus, voltage oscillations across the capacitive elements satisfy the following relation:

d (vcl tVe2 + VC3) _
dr

C 0. (2)
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From relation (2), it is obvious that capacitors may operate with negative voltage across their
terminals and therefore, it is necessary to use non-polarized ceramic or film capacitors. With this
technology, capacitors can handle high AC voltages and capacitance values are typically between
1 nF and few pF. Capacitors with higher values may exist but they are potentially very expensive.
Therefore, to reduce the resonance frequency, designers were constrained to use large inductances
to achieve good filtering performances. For example, in [13], authors have proposed a variation
range between 5 and 35 mH. However, magnetic elements are bulky, expensive and characterized
by a limited saturation current. For these reasons, the configuration of Fig. 1(b) is proposed in
this work to filter current harmonics through the stator phases. By connecting filter capacitors to
the ground potential, it is possible to use polarized electrolytic capacitors, which allow obtaining
large capacitance values at a low cost, and they have a larger equivalent serie resistor (ESR).
The ESR can be considered as a low value damping resistor (R;) used to attenuate the system
response. With this configuration, it is possible to minimize the magnetic elements and to obtain
low resonance frequencies through low-cost electrolytic capacitors. Unlike the conventional LC
filtering, the topology of Fig. 1(b) can be considered as the combination of three reversible buck
DC/DC converters which share the same input voltage E. Thus, an appropriate control strategy
should be developed to impose constant DC voltages across the capacitors C such that the current
flowing through the motor windings are equal to the desired references. The control strategy of this
system is based on active damping to attenuate voltage oscillations and it is developed in Section 3.

2.2. System design and modelling

In BLDC motors, the magnetic field is provided by permanents magnets which create
trapezoidal back-EMFs e, through the three stator phases [15]. Using Kirchhoff laws, the motor
operation is described by differential equations as follows:

diy :
VAG = LIE + Ve + Ryic

veG = Ly % + Ve + Rgico > (3
veG = Ll% +Ve3 + Ryics
dr
i1 = icl + ia
hp =i +ip - “4)
= ic3 + ic

~.
w
|

L, and C represent the filter inductance and capacitance. In addition, system topology allows
writing the following relations:

. di )
Vel + Rgic) = Lsd_ta + Ryig + eqn + enG
. dip, .
Ver + Ryicn = LSE + Rsip + epn +eng - )

. dic .
Ves + Ryics = Lsa + Ryi. + ecn + €nG
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R; stands for the resistance of the stator windings and L is the equivalent cyclic inductance.
eng stands for the voltage between the neutral point connection and the ground potential G.
Furthermore, the high-side MOSFETS: of the inverter are controlled with the PWM signals referred
to as 77, T and T3. If, the duty cycles of these signals are noted a1, @, and a3; the average values
of the phase-to-ground voltages are expressed by

V(A,B,C)G = @1,2,3)E. ©)

The above equation can be used to derive the transfer function of the filter. For example, for
phase A, Egs. (3), (4) and (5) give:

dia dvcl
= (L +Ls) — + Rsig + L1 C + €aG> 7
vac = (L A)dt s 1€, T ¢ac 7N
chl dlu .
c1 + RgC =Li— + Rsi, + equG. 8
Ver + RaC— s q sia + €uG 3

By inserting Eq. (7) into (6), the following transfer functions are obtained:

i, RyCs+1
Gi(s) = 2+ =22~ 9
1(5) e D(s) 9
i LiCs?+ R;Cs + 1
Ga(s) = —& = AT RO T (10)
€aG D(S)

with:
D(s) = LiCLys> + (RgC (Ly + Lg) + LiCRy) s* + (L + Lg) + RgR4C) s + Ry.

Thus, the system configuration leads to third order transfer functions. G(s) represents the
influence of the input voltage on the current i, while G>(s) stands for the effect of the back EMF
on this current. The switching frequency f;,, of power transistors is chosen equal to 10 kHz. The
resonance frequency should be in the interval between the rated frequency of the motor and the
switching frequency. For efficient filtering performances, this frequency is chosen equal to 4 kHz.
This value is achieved by maximizing the capacitor value C and minimizing the inductance L.
Taking standard polarized capacitors of 100 uF, the value of the filter inductance is calculated
through relation (1), and it is equal to 0.47 mH. R is equal to 0.15 Q. With this choice of filter
elements, the Bode diagram of the system G(s) is plotted in Fig. 2. The obtained frequency
response shows that the amplification is effectively reduced at the resonance frequency due to the
insertion of the damping resistors. Also, it is observed that the LC filter improves the filtering
performances at the switching frequency by 12 dB compared with the case where only an inductive
filter with the same inductance value L, is used.

Finally, the parameters of the drive system with the configuration of Fig. 1(b) are summarized
in Table 1.
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Fig. 2. Bode diagram of the system G (s)
Table 1. Parameters of the drive system
Parameter Symbol Value Unit
Rated power P, 90 \W%
Rated current I 10 A
Pole pairs p 7 -
Voltage constant K, 1 V/krpm
Stator resistance Rg 0.09 Q
Synchronous inductance Lg 0.015 mH
DC bus voltage E 12 \'
Filter inductance Ly 0.47 mH
Filter capacitance C 100 uF
Switching frequency fsw 10 kHz
Sampling period Ts 100 us

3. Conventional trapezoidal control

Figure 3 presents the main elements of the conventional control strategy. The ideal waveforms
of currents according to this control technique are shown in Fig. 4. A Proportional-Integral
controller is used to impose quasi-square currents through the stator windings. The maximum
value of {ig, ip, i} is used as input for the current controller. To impose a constant torque, the
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PWM duty cycle a(¢) is kept constant until commutation information is delivered by the position
sensors. At this instant, the switching logic changes the gate signals delivered to each power
MOSFET. Gate signals are represented in Fig. 5.
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Fig. 3. BLDC-based electrical drive system with trapezoidal control strategy [16]
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Fig. 4. Timing diagram of ideal currents and back-EMFs in BLDC motors according to the trapezoidal control

The maximum torque is obtained when the stator magnetic field is leading the rotor field by 90
electrical degree. Considering that only two stator phases are energized at each instant, it is obvious
that the stator field can take only six directions according to the six possible current direction.
Thus, to obtain maximum torque, the appropriate current direction is active when the rotor is phase-
lagging the static alignment by 120°. When the rotor reaches 60° with respect to the alignment,
the next current direction is activated and the process repeats. In this way, the phase shift between
the stator field and the rotor field undergoes a 30° oscillation with respect to the ideal value of 90°.
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Fig. 5. Gate-to-source signals for power MOSFETs when conventional trapezoidal control is used

4. Proposed control strategy of the BLDC motor

The block diagram of the control strategy is depicted in Fig. 6. As it can be observed,
the control signals of the power MOSFETs, 71, 7> and T3 are synthesized only through three
separate single-phase current controllers. Current references, iy, i, and i;, are generated in each
commutation sequences based on the detected rotor position 6. The design of this control strategy
is performed in the following sections.
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Fig. 6. Proposed control strategy of the BLDC motor with LC filtering
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4.1. Design of current controllers with active damping

The ultimate objective of the proposed controller is to impose appropriate voltages across
the filter capacitors C such that winding currents are equal to the desired references. In this way,
the motor fed with constant DC voltages will operate with a reduced level of currents and torque
ripples. However, during phase commutations, the resonance phenomena lead to an oscillating
transient response of the system. Even though the system includes passive damping components
(R4 and Ry), a single-loop feedback controller is not sufficient to mitigate system oscillations
due to the LCL resonance [17]. Therefore, an active damping scheme is adopted in this work to
control the phase currents. Active damping may be performed by measuring currents or voltages
across the filter capacitors. Nevertheless, in this application, it is reasonable to use capacitor
voltages since they are characterized by a low level and it is possible to detect them through low
cost circuitry. Figure 7 shows the adopted dual-loop controller to attenuate resonance oscillations.
Active damping is used for the capacitor voltage v.;. The damping transfer function is noted
K(s) [18]. The same configuration is used for controlling currents in phases B and C.

Fig. 7. Single-phase controller with active damping based on capacitor voltages

a, is the generated duty cycle to control the high-side transistor and G.(s) represents the
converter transfer function. For simplicity, the converter is represented by a simple gain equal
to the DC link voltage E. The effect of the damping resistor is not considered for the controller
design due to its low value.G g (s) stands for the filter transfer function and G;(s) is the transfer
function which relates the phase current to the capacitor voltage. Their expressions are given by:

Vel 1

Gr(s) = L 1

F($) aG () LCs+ ol (11)
Iy 1

Gi(s) = :(S) =I5 (12)

K(s) provides active damping to prevent voltage oscillations. With the feedback K(s), the
transfer function of the inner loop is written as:

Gc(5)Gr(s)
1+ K(5)Ge(5)GF(s)

GF_ap(s) = (13)

The system response is analysed with various feedback types in order to achieve the best
stabilization performances. The feedback types are the proportional, derivative and integral actions.
The global transfer function with these feedbacks are given:
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— Proportional: K(s) = k

_E
L C

b
E
s2 + (wres +kar e c)

Gr_ap(s) = (14)

— Derivative: K(s) = ks,

Gr_ap(s) = ——F——F—, (15)

— Integral: K(s) = —

Es
G 5) = . 16
F-an(s) LiCs? + LiCwkss + ko E (16)

Equation (14) shows that the proportional feedback leads to a second order transfer function
with two imaginary poles and the natural frequency increases when k,, is increased. Therefore,
the proportional action cannot prevent voltage oscillations. When using the integral action, the
Routh-Hurwitz criterion applied to Eq. (16) allows inferring that the system becomes unstable.
Finally, with the derivative feedback the system is identified to a second order transfer function
and it is possible to set the damping ratio through the gain k,. Also, the natural frequency remains
constant and equal to wys as k, increases. Thus, derivative feedback is to achieve efficient damping
performances. However, since a digital computer is used for the implementation of the control
algorithm, the value of the feedback gain will be set using the discrete-time representation. As
first consideration, the sampling frequency is chosen such that it is 6 to 24 times higher than
the system cut-off frequency in closed loop [19]. The calculation of the derivative terms of
the feedback voltage is achieved through a backward differentiation scheme. In addition, it is
assumed that the PWM block of the power converter introduces a time delay equal to the sampling
frequency [18-20]. Thus, using the z-transformation, the inner loop controller can be represented
in the z—domain by the bloc diagram of Fig. 8.

g T
z2—bz+1

Q

Fig. 8. Representation of the inner loop in the z-domain
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In Fig. 8, a; = 0.05779, by = 1.737. The MATLAB command ‘c2d’ was used to calculate
these coefficients based on the “zero order hold” method. The transfer function of the inner loop
in the z—domain is written as:

Hyp(z) = aiEz(z+1)

a7
Z4+bﬂ3+(l+kiaﬂﬁzz—kng
T T
Figure 9 shows the pole-zero map of the discrete transfer function when the gain k, varies
from O to 3e-5. As it can be observed, the open loop system includes two poles located on the
unity circle which leads to an oscillatory behaviour of the capacitor voltages. Initially, when &, is
increased, system poles are shifted towards the stability region which results in a damped response
of the system. However, when k, exceeds a certain value, the trajectory deviates and the pole
locations move outside of the unity circle. Therefore, the gain k, is chosen at the middle of the
stability interval to obtain good resonance damping and to ensure the stability of the system.

Pole-Zero Map

_> | I:
XK K KX X @) -+ IO : g

O

Imaginary Axis (seconds'1)

b

-1 -0.5 0 0.5 1
Real Axis (seconds'1)

Fig. 9. Pole-zero map of the inner loop for different values of the derivative gain k,: blue — without
feedforward; black — with feedforward

Furthermore, the outer loop is used to control phase currents through PI controllers. The
parameters of these controllers are tuned considering the block diagram of Fig. 7 and taking into
account the value of the derivative feedforward identified through the above analysis. Considering
the system representation in Fig. 7, the open loop transfer function is written as:

(18)
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The system of Fig. 7 is stable in normal operation if the phase margin of the open loop transfer
function Gor(s) remains positive [21]. That is, the phase of Gor(s) at the crossover frequency
Weo (0 dB gain) should remain positive. The phase margin is defined as:

PM = 180° + ¢ (0 = Weo) - (19)

The parameters of the PI controller are designed such that a typical phase margin of 60° is
obtained. The frequency response of Go.(s) is plotted in Fig. 10.

Bode Diagram
Gm = 7.4 dB (at 2.5e+04 rad/s) , Pm = 82.8 deg (at 1.5e+03 rad/s)
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Fig. 10. Bode plot of the open loop system with PI controller

4.2. Generation of voltage current references

The key point in the proposed control method is to supply the terminals of the BLDC motors
with constant DC voltages in order to overcome the issue of low inductance value. In this case,
currents flowing through the stator windings are the results of voltage differences between stator
phases. In steady state, the relationship between the input voltages and the phase currents can be
identified through Eqgs. (3) and (5). The steady-state relationships are identified using the averaging
operator defined as [22]:

t+Ts

x(t) = Ti / x (1)dr, (20)

t

where x() is a variable and the overbar denotes its average. By applying the averaging operator
over Egs. (3) and (5), the following results are obtained:

gk =ve
apE =vep (21)
aCE = ch
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Vcl = Rsiqg + EaG
Vea = Rsip +€pG - (22)
Vc?s = Rsic + ECG

The coupling between phase currents is expressed by the relation i, + i), +i. = 0. Also, the

sum of the back-EMFs can be assumed equal to 0 (e, + ep + e, = 0). Considering relations (22)
and (21), it is possible to show that:

ia £ 2 -1 -1 g, eq
ip |= am | 1 2 -1 ap |—| e |. (23)
i S\ -1 2 -1 . e

By considering back-EMFs as disturbance signals, Eq. (23) can express the relation between the
phase currents and the duty cycles controlling the inverter output voltages. As it can be observed,
currents and duty cycles are linked by a singular matrix which indicates that for a given combination
of reference currents iy, iy, and i;., there exist several combinations of duty cycles (@, @;, and @)
which allow generating the desired references. It is important to impose reference duty cycles to
avoid the saturation of the PWM block during transient regimes, that is, when the operation point
becomes close to the extremums of the generated voltage (@] = 0, or @; = 1). Therefore, duty cycles
are selected such that the capacitor voltages are kept as close as possible to the half of the DC link.
For example, during sequence (1), current references are shown in Fig. 4 and they are equal to i}, = 0,

iz = irer and i = —irer. To impose these references, the steady-state duty cycles are calculated as:
a;, =05
o, =05+d , (24)
a;=05-d

. 3R\ .
with d = (?3 Iref-

Finally, current references are generated based on the rotor position and the output of the speed

controller i.ef. The ideal current waveforms in each commutation sequence are represented in Fig. 4.
Table 2 gives the values of current and duty cycle references according to the rotor position 6.

Table 2. Generated current and duty cycle references according to the rotor position

Sequence 1 2 3 4 5 6
0 0-60° 60-120° 120-180° 180-240° 240-300° 300-360°
i:z 0 —iref —iref 0 Iref Iref
i;; Iref Iref 0 —lref —lref 0
i: —iref 0 Iref Iref 0 —iref
aj, 0.5 05-d 05-d 0.5 05+d 05+d
@ 05+d 05+d 0.5 05-d 05-d 0.5
a 05-d 0.5 05+d 0.5+d 0.5 05-d
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5. Analysis of performances

This section presents the motor operation with the developed control strategy. The obtained
results are compared with the conventional trapezoidal control which uses the OFF state for both
the high-side and the low-side transistors in the same leg in order to impose a zero current through
the open phase.

5.1. Operation with the LC filter

The behaviour of the BLDC motor during the starting-up is shown in Fig. 11. According
to the desired acceleration ramp, the rotor speed should increase from zero to reach 500 rpm
within a time interval of 0.5 s (Fig. 11(a)). During the acceleration time, the oscillations of the
electromagnetic torque are limited and they do not exceed 10% of the average value as shown in
Fig. 11(b). Figure 11(c) gives the current waveforms in the three phases. As it can be observed,
current ripples at the switching frequency are totally removed by the LC filter. Also, during current
commutations between two phases, the current in the third phase remains stable and equal to the
reference value. This characteristic explains the stable torque behaviour during commutations.
Figure 11(d) shows capacitor voltages. Voltages remain stable after each commutation due to the
active damping loop. The currents flowing through these capacitors are represented in Fig. 11(e).
These currents oscillate at the switching frequency and the peak-to-peak value do not exceed 1 A.
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Fig. 11. Operation of the BLDC motor with LC filtering and active damping: (a) rotor speed; (b) torque; (c)
phase currents; (f) capacitors voltages; (e) currents in the capacitive elements

5.2. Operation with the conventional trapezoidal control

To illustrate the advantages of the proposed technique, this section analyses the behaviour of
the BLDC motor when the conventional trapezoidal control is applied. This method is widely used
on the industrial scale and it was detailed in Section 2. Figure 12 shows the obtained results when
the switching frequency of power transistors is equal to 100kHz. Figure 12(a) shows that the rotor
speed follows the acceleration ramp and the error becomes equal to zero in steady state. However,
phase currents present a highly oscillating component that influences the stability of the developed
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Fig. 12. Control of the BLDC motor with the conventional trapezoidal control ( fs,, = 100 kHz)

torque. Although, the increase of the switching frequency by a ratio of ten, torque ripples remain
considerable, which results in higher audible noise, higher switching losses in power transistors,
vibration and Electromagnetic Interferences (EMI).

Furthermore, the motor operation with trapezoidal control was tested when a simple inductive
filter is used between the inverter and the stator windings. In this configuration, the value of the filter
inductance and the switching frequency are chosen the same as in Table 1, that is, the same values
used in the configuration with the LC filter. Figure 13(a) shows that the rotor speed follows the
imposed acceleration ramp. In Fig. 13(b), it is observed that the inductive filter effectively attenuates
torque ripples due to the switching frequency. When the rotor speed increases, the electromagnetic
torque is subject to perturbations of considerable importance. Indeed, the inserted inductances
increase the rise and fall times during commutations, which generates torque oscillations as shown
in Fig. 13(b) and Fig. 13(c). However, with the method based on LC filtering and active damping,
torque ripples are minimized during low or high speeds which illustrates the benefits of this method.
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Fig. 13. Operation of the BLDC motor with an inductive filter (L; = 0.47 mH, fs,,=100 kHz)

6. Conclusions

In this paper, an improved method to implement trapezoidal current control of BLDC motors
was proposed. This method allows reducing torque ripples using a single-stage conversion system
without increasing the switching frequency of the inverter. It is also possible to reduce the generated
EMI without over-complicating the overall control strategy. Also, the proposed method represents
an additional advantage of generating only three gate signals of the high-side transistors. The
low-side transistors are controlled with complementary signals which can be generated by low-cost
drivers. This configuration is not possible with the conventional control method, where it is
mandatory to provide a separate control signal for each power switch, which will increase the
cost and complexity of the design. These improved performances require three additional voltage
sensors to measure capacitor voltages. It is possible to use optical isolation amplifiers, which offer
precision voltage sensing at a reasonable cost. Finally, a BLDC motor with integrated hall sensors
can be used for position and speed estimation. In this case, the encoder can be removed to further
reduce the implementation cost of the proposed system.
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