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ABSTRACT

The brushless DC motor (BLDC) is a low cost, reliable, and efficient motor for low power applications. In
general, the speed, torque, and current of the BLDC motor are controlled using a well-tuned PI controller in the inner
and outer control loops. This controller will be effective in reducing the dynamic speed error but will produce large
current ripples. This reference current when given to the inner control loop and controlled using hall-effect position
sensing technique leads to comparatively large ripples in the torque. Because of large dynamic behavior of DC link
voltage when nominal rating capacitor is used, there will be torque ripples and reduction in rotor speed from the
reference current value. Hence, to mitigate these torque ripples in BLDC motor, a fast acting adjustable DC link
voltage like chopper is generally used. The effective DC link voltage control with voltage boosting and controlling
action is observed with Y-source converter and is compared with a Z-source converter in this paper. The Y-source
converter is designed in such a way that it will effectively control the speed and also produce lesser current ripples
reference. Further, the inverter topology uses a six-switch basic configuration but with a new switching strategy. The
results are compared with a Z-source converter with the proposed Y-source converter under variable load torque and
variable speed cases in MATLAB/ SIMULINK environment. It is found that the torque ripples are reduced effectively
without much change in the reference speed. Also, even at higher rotor speeds, the torque ripples and surges are also
lesser.

Keywords: Brushless DC (BLDC) motor; Current and torque control; Torque ripples reduction, Field oriented
control; Admittance source converter.

INTRODUCTION

The brushless DC motor (BLDC) is slowly replacing the most popular induction motor due to its advanced
control techniques and design improvements. This is due to the fact that BLDC motors are attractive now days be-
cause of their lower cost, higher efficiency, low cost, lesser maintenance, high torque, and speed control capabilities
compared to the other same class of motors (Banu Rekha et al., 2018; Toliyat et al., 2018). This motor is controlled
based on the position of the rotor and is estimated by using hall sensors or using some sensor-less techniques. This
BLDC motor finds applications in computers, automotive, households, industries, railway fans, house hold, and many
others. The BLDC motor is used in automotive industry, solar PV-fed water pumping system, and electrical vehicle
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applications as a turbocharger, aerospace vehicle, and fuel pumps (J. Shao, 2006; R. Kumar et al., 2016; S. P. Nikam
etal.,, 2012; W. Lee et al., 2018; J. Feng et al., 2018; Jianwen Shao et al., 2003).

The BLDC motor speed and torque control are extremely important for effective performance based on the
application. The authors effectively demonstrated the fuzzy-PID along with model-reference adaptive control tech-
nique in the outer control loop of BLDC, which is a better speed control technique (El-Samahy et al., 2018). Such
earlier speed control is done using a neurofuzzy system with weights being adjusted using BAT based metaheuristic
algorithm (Premkumar, K et al., 2015). However, these two methods are very effective but are very complicated.
There are various methods adopted for BLDC for higher speed operation or for very low speed operation or variable
speed control (Chen, Shaohua et al., 2017; Valle, Rodolfo L et al., 2017; Potnuru, Devendra et al., 2019). The torque
control is achieved using many methods, among which is one method that uses a firefly algorithm to tune the PID
control parameters for better operation (Kommula et al., 2018).

The speed, torque, or power control for BLDC is obtained using famous algorithms like direct power control,
direct torque control, field oriented control technique and hybrid direct torque, and field oriented control technique
(de Castro et al., 2018; Lu, Youliang et al., 2018; Alouane et al., 2018; Sekhar, GT Chandra et al., 2017; Qamar,
Nezar Abou et al., 2018; Gujjar, Meghana N. et al., 2017; Carey, Kellen D. et al., 2018). Among all, the hybrid
technique, which uses both stationary and rotating reference frames, is found to be more feasible and attractive solu-
tion for performance improvement of BLDC. The major challenge for BLDC motor for any type of application is
torque ripple reduction (Li, Xinmin et al., 2016; Sumega, Martin et al., 2019; Ransara, HK Samitha et al., 2015). The
torque ripples will deteriorate the performance, efficiency, commutation, and controllability of the motor. Hence,
such challenge is very crucial for most of the applications.

The BLDC motor is controlled using different control schemes to achieve rapid and required speed, torque,
power, or stability. A great work is done by the authors in identifying different controllers for speed control and
stability enhancement using fuzzy and many hybrid metaheuristic and intelligent control schemes (Premkumar, K et
al., 2015; Premkumar, K et al., 2018). Similarly, h-infinity, Fuzzy-PSO Controller, and Adaptive sliding mode con-
trol and cuckoo method are used by these authors for lifetime and performance improvement (Krishnan, TV et al.,
2017; Lépez, Manuel Garcia et al., 2019; Murali, S. Bala et al., 2018). Therefore, the choice of the controller other
than a conventional PI controller is important for improving the motor performance. A self-driven current doubler
(CD) used a new topology called phase shifted full bridge converter (PSFB) for the application of integrated magnetic
(IM) with DC-to-DC converter (Cetin Sevilay, 2014). The DC-to-DC chopper converters are used for various appli-
cations like magnetic levitation, motor control, renewable energy resources like solar photovoltaic cells (Ozgelik,
Mehmet Ali. (2015)), wind generators (Ahmed, Mahrous et al., 2021), and fuel cells (Alharbi, Ahmed Awadh et al.,
2020; and Al-Othman et al., 2016).

Different converter topologies like SEPIC and three-level neutral point converter are used for torque ripple
reduction, DTC and overlap angle method, Z-source inverter, quasi-square wave inverters and Cuk, SEPIC, and Zeta
converter (Viswanathan et al., 2017; Lad, Chetan K., et al., 2018; Soumi, A., et al., 2018; Jagicla, Mariusz et al.,
2015; Suryoatmojo, H et al., 2016). The later papers deal with both the torque ripples reduction and power factor
correction. Based on the converter topology and control scheme adopted, the performance like torque and speed
control, torque ripples reduction, and power flow control are improved considerably. The Admittance or Y-source
converter (YSC) is described for DC-DC chopper applications in Siwakoti, Yam P et al. (2015) and Wang, Yijie et
al. (2018). The torque ripple reduction techniques using Z-source converter and buck-boost chopper are discussed in
Xia, Kun et al. (2016) and Celikel, Resat et al. (2019). Grid connected inverter operation with islanding detection
method used a new positive feedback variable with negative or zero sequences estimations (X Guo, 2016).
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The main benefits of the proposed Y-source inverter are as follows: 1) the neutral of the grid is directly connected
to the negative terminal of the DC source or to the solar PV panel, so the leakage current is eliminated; 2) it is compact
in size; 3) it has low cost; 4) the used DC voltage of the proposed inverter is the same as the full-bridge inverter
(unlike neutral point clamped (NPC), active NPC, and half-bridge inverters); 5) it has flexible grounding configura-
tion; 6) it has the capability of reactive power flow; and 7) it is highly efficient.

Objectives

1. To design and choose a better control strategy for the Y-source inverter for BLDC motor to have speed
and torque control characteristics.

2. To develop improved topology better than famous Z-source inverter or chopper based inverter for the
single or three phase grid tied system.

3. To reduce the leakage current utilizing the parasitic capacitor already present in the circuit and also the
effects due to inductors, diodes, and solid-state switches.

4. To establish a bidirectional current flow to aid in charging and discharging because of energy storage
devices like batteries and fuel cells.

Wide range of reactive power control, frequency fluctuations, and voltage disturbances.

6. Multilevel voltage levels are developed to improve the THD and voltage profile at the grid connection.

Expected Output and Outcome of the proposal

= Y-source inverter to drive the BLDC motor is planned to achieve better speed and torque control without
affecting the reactive power flow, and the inverter voltage and current THD values better than earlier
methods.

=  The overall efficiency, current carrying capability, bidirectional current flow, and simple design are ob-
served, and better practical feasibility among them can be observed in the real time environment.

=  Better pulse control strategy for the Y-source inverter to improve the overall performance of the system
and better withstanding capability with sudden change in speed and torque values.

This paper deals with Y-source converter (Y SC) for speed and torque control along with torque ripple reduction.
Also, with the present topology, very high load torque at high speed operation is planned. The objectives of the work
are that torque surges must be low when there is a rapid change in the speed, and also, the torque ripples must be low
when the speed of the rotor is adjusted at very low or higher speeds. The control scheme has to be simple and effective
and can be applicable to any application like pumps, automotive, or aerospace.

THE MATHEMATICAL MODELING OF BLDC MOTOR

The modeling of BLDC motor and its dynamics is studied to understand speed and torque control characteristics
and parameter dependencies. The FOC decoupling is referred to in stator flux frame with the basic relationships being
represented as [J. Shao et al., 2006; El-Samahy et al., 2019). The d and q axis stator voltages of BLDC motor are
given by the equations (1a and 1b)

V,=Ri, + pl,— o2, (1a)
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V,=Ri, + pA, + A, (1b)

where R is the stator resistance, p is the differential equation z, and d and q axis flux are given by 4 . and
t

, with rotor angular speed given by ¢ . The d and q axis stator flux linkages are given the equations (2a and

2b) in terms of d and q axis stator currents is and ig, and the mutual flux linking towards the rotor Wr and stator
inductance Ls is

Ay =Li, +yy (22)
A, =Li, (2b)

The electromagnetic torque (EMT) (Te) in terms of d and q axis flux and current and also in terms of mechanical
parameters is represented in equation (3).

7;:E(/Idlq_/lqld)zgl//qu:gzﬂm:£wr+3_pwr+7; (3)
2 2 22 2 2
A, 1s the flux linking component in the permanent magnet rotor, Ti is the load torque, and P is the pole pairs.
The d and q axis stator voltages can be derived in terms of current and Wr using the equations (1a to 2b) given by (4a
and 4b) equations. It can be observed that there are decoupling current parameters in the voltage, and hence, d or q
axis current will effectively influence both d and q axis voltages, and effective control of this current will result in
driving the BLDC motor based on the requirement.

V,=Ri,+Lpi,+py,—olLi, (4a)
V,=Ri,+Lpi +oy,+olLi, (4b)

The Wk flux is constant due to permanent magnet of the roar, and therefore, the rate of change of ¥R is zero.
Under stationary rotor condition, the angular speed or is zero. Hence, the d and q axis rates of change of currents
in terms of d and q axis voltages are shown in equation (5a):

V,-Ri, _di, V,~Ri, di, (52)

L dt L dr

N N

Upon solving equation (5a), the simplified d and q axis currents at standstill rotor condition are given by

equation (5b). The d and q axes depend on the stator time constant 7= —,

R R
——t

t V
id:%(]—e L»")and iq:Eq(]—e LS) (5b)

In the same way, if the d and q axis currents and flux are controlled effectively to get the desired EMT, mostly
q axis current will be more dominating in the field oriented control. In this regard, to achieve better control of this
EMT, the q axis current control plays a vital role.
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MATHEMATICAL MODELING OF Y-SOURCE CONVERTER

The proposed Y source DC-DC chopper circuit is shown in Figure 1a, and different modes of operation are
shown in Figure 1b to Figure le. The circuit is having source side inductor for smooth current control and initial
boosting purpose. There are the second inductor (L2), three-winding inductor, capacitors (C1, C2, C3, and C4), di-
odes (D1 and D2), and the switch Sd for a quasi-Y-source DC-Dc¢ chopper circuit with continuous current conduction

and high voltage boosting purpose.
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Figure 1a. Proposed Y-Source DC-DC circuit diagram.
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Figure 1b. Mode:1 Switch ON and both diodes ON.
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Figure 1d. Mode:1 Switch ON and both diodes OFF.

With the switching operating under shoot-through (switch On and diodes off) and non-shoot-through (switch
off and diodes On), the voltage equations can be written. Kirchhoff's voltage law is used for developing these equa-
tions. The shoot-through voltage equations are shown from equations (6a) to (6d).

Vo=V # Vi Vo Vo =V =0 (62)
Vi, =Vys =Vy +Vey =0 (6b)
Ve =V +Vy; =0 (6¢)
V,,+V,,=V, =0 (6d)

The non-shoot-through voltage equations are shown from equations (7a) to (7¢e):
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Vi+Ve =V, =0 (7a)
V) =Vay +Vry =0 (7b)
Vo +V, =0 (7¢)
—V =V, + V=V =0 (7d)
Ve, Vs =V +Ve, =0 (7e)

The three-winding transformer-based voltage step-up operation with turns ratio is shown in equation (7f).
Ny N, Ny =V 1V, iV, =0and 1y, =V, (79

The voltage balance equation can be written in terms of duty cycle D as

vV, D+V,)(1-D)=0:; (8a)

V,,D+V,(1-D)=0 (8b)

V,D+V!(1-D)=0 and (8¢c)

Ve, D+Vy,(1-D)=0 (8d)
L2

b | L
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Figure 1e. Mode:1 Switch ON and only one diodes ON.
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Figure 1f. Theoretical voltage and current waveforms.

Figure 1. Complete block diagram and modes of operation for the proposed YSC and the output waveforms
with constant resistive load.

Using equations (7f) and (6¢), and also using equation (8a), the C1 and C2 capacitor ypltages and N2 voltage
equation are written in terms of turns rations and output voltage under non-shoot-through (* 0 ) as shown in equation

(9a).

N. N1+ N N.
Ver = —ZVNz s Vey = —2VN2 and szlfz = (Vo1 + VCl) 2
N3 _Nz

——z (%a)
N, N,-N,

Using equations (7c), (9a), and (8b), the capacitor C; voltage can be written as in equation (9b) in terms of output
voltage and duty cycle (D). Based on this equation, we can extract N2 turns voltage under shoot-through and non-
shoot- through.

Vc1 = _Vol (1-D) (9b)

From (8d) and (9a), the ratio of C1 and C2 capacitor voltages can be written as in equation (9¢).

Vo _(N;=N, (1—0} o Ve _[ NN, (1—0} @)

Vo, \N+N,\-D) V., \N,-N,\ D

Therefore, the winding factor can be stated as K = M (9d)
N, 37 N, 2
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Using equations (9a) and (9b), the N2 turns voltage under non-shoot-through ( V/é ,)

N
Vi, =(V,D)—2— (%)
N2 ( 0 )N3 _N2

Using (8a), (8b), (7a), (7d), (9b), and (9e), the ratio of non-shoot-through inductor voltages can be written as in
equation (9f).

Vi _V(=-D)+V,

=0 e Ch
Vi, Vod
Now, the loop containing three-winding inductor, capacitor, is shown in equation (10) as
V., _|_£VLWl _ﬂVLwl = () and therefore Vi :LVC2 (10)
N, N, N; =N,

Now, KVL is applied for the loop with current flow though source DC voltage, inductor, capacitor C2, three-
winding inductor, and capacitor C1 as in equation (11):

N, +N.
Vie =V +Va =V, %VLWI —V,, = 0andsso, VLl = Vdc + ch _(#JVLM _Vcl (1

wl cl
1 1

Now, considering the loop through the capacitor, the three-winding inductor and the load at overshoot (short-
circuited load) are given in equation (12):

N.
V., _fVL

c
1

Vv, =0 and fromthis J/, :LVC2 (12)
N, + N,

wl

Now, considering the load without overshoot and having output voltage Vo, the equation will be as in equation

(13):
V,=V,—Vo=0 (13)

So, using equations (12) and (11), we get )/ = VC1 — ch + [MJVL . (14)
o N] w

Substituting equations (10), (12) in equation (13) and writing it in terms of duty cycle (D) as in equation (15),

LVCl D+ LVC2 (1- D) =0 and hence Q:[N1+N3j[ D j (15)
N,-N, N, +N, v, N2-N3\1-D
Further, considering the final mode as in Figure le, we will get equation (16):

N1+ N2 N1+ N2
(Vdc + ch _Vcl _(TJVLWI jD+(Vdc + ch _Vcl _(T]VUJ(I_D) =0 (16)
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N1+ N2
—F DV,
(1-D)V, N2-N3
NNy e T
+ N1+ N2
I-| —|D 1-| —— |D
N2-N3 N2-N3
Hence, the DC link voltages across the capacitors C1 and C2 are represented using equation (13), which is a
function of duty cycle, three-winding turns (N1, N2, and N3), and input voltage Vdc. The theoretical waveforms for
the proposed system under chopper operation with constant resistive load are shown in Figure 1f. Using (6b), (6d),

(7d), (7f), and (9a), (9d), and (17), the shoot-through inductor voltage will be in terms of output voltage, duty cycle,
and turns ratios as shown in equations (18a) to (18c):

From all these equations V., =

amn

v, = N,D—-N,—-N,-N,D VoorV,, = N,D-N,-N,-N,D | N,-N, VOI(I—D) (18a)
N,(1-D) Nz(l_D) Nz
vy [MD=N =N =NDY N =N Yy s
N,(1-D) N,
VzbszolD N, (18¢)
N3 _Nz
From these equations, the duty cycle maximum allowable value is defined using equation (18d):
D =1_& (18d)

3
The relationship between output voltage and input voltage ratio, which is also known as voltage gain, can be
written as

Yo _ (18¢)

Robustness of Y-Source Converter Three-Winding Inductor Analysis Using Dynamic
Equations in State-Space Form

The Y-source converter (YSC) main topology has three windings and a capacitor connected to the second wind-
ing. When observing the state space analysis, one winding current is enough to analyze the three windings as all the
three windings will follow Faraday's law-based voltage and current division. Hence, for simplicity, the 1st winding
inductor current is taken. So, the dynamic equation will have 1st winding inductor current and DC link voltage across
the same arm capacitor C1 as shown in equation (19a) under shoot-through and (19b) for non-shoot-through:
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Mo 0 e\ .

b | 2 Viw (N5 =N2) {lm}md (19)
—-N, —- N Ve

- (N;=N,) R, (N,-N,)’

S S VI I

i](\]/l — VLW(NI—L_NZ) {ZNI + VLW(N12+N2) [dc} (19b)

VCLp _Nl _Nl - Vclap N1 - _(N1+N3) Ié

- C/(N,+N,) R, C (N, +N,) R,C(N+N,)” C(N, +N,)

The state equation input passive (x) and active (u) under steady-state (X or U) and disturbance () based state
space representation:

A A

x=X+xand y=U +u_ where steady-state passive and active component state vectors can be written as
i V.
N1
X = and U =| % (20a)
I/cap I 0

A S

x and y are disturbance parameters of the state variables. The dynamic disturbance expression can be written as

0

A A A A

x = A x+ Bu, initially assuming x(O) ~0 (20b)

Hence, the state variable disturbance vectors can be written as in equation (20c):

xAS) =(sI—A)"'Band ¥, (s)=V,,,,(5)+V,,,(5) = G,(5) V. (s)+ G, ()i, (s) (20¢)

u(s)

where @, =0, a,= DN,(N, +N,)-(1-D)N,(N, _Nz)’ a,=—a, Viw and
VLW(NI+N2)(N3_N2) C

_=DNI(N+ N ~(1=D)N/ (N, =N,)* _ (1-D)N,

a b b
) RmC1(N1+N2)2(N3_N2)2 1 Viw (N, +N,)

2

___(1-D)N? —(1-D)(N, +N,)
= 5 and b4 =
RmCI(N1 +N2) C/(N,+N,)
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A

G (S) _ I/cap (S) _ b3S + (a3b1 - ale)
1 - A )
V.(s) . s*=s(a +a,) +(a,a, - a,a;)
G ( ) — Cap (S) — b4S + (a3b1 - albz)
i () s’ —s(a, +a,)+(a,a, —aa,)
) o0

The transfer function form of capacitor voltage is shown in equation (20c) under DC supply when the switch
Sd1 is off when (Io) is absent, and the second expression when the switch is closed. The Bode plot based characteristic
curve for the transfer functions G1 and G2 is shown in Figs. 2a at 0.2 duty cycle. There is a sudden change in the
G1(s) and G2(s) at 60Hz, so disturbance variation across the capacitor will be easily understood based on this plot.
With the increase in the capacitor value, the operating frequency decreases. Therefore, the system is robust for rapid
switching operation under lower switching duty cycle. Under duty cycle beyond 0.5 as in Figure 2(b), there is a
dangerous voltage across the three-arm inductor, large fluctuations in the capacitor voltage are observed, and the
solid-state switches and diodes produce heat, and slowly the system becomes unstable. Hence, robustness of system
is observed for different switching cycles and capacitor values.

Bode Dlagram

400 ¢ vy S—— v ey . -
e G1
Q s G2
el 200 System: G1 u
g Frequency (rad/s): 6.15 | System: G2
E 100 Magnitude (dB): 65.7 ___j Frequency (rad/s): 6.32
g I i1t MR ST _";lMagnnude(dB)zzs
= g p——= ] :

-10 2 il

270 Y v | B -

. System: G2

—~ 180 G1 ]
o Frequency (rad/s): 6.27
S oot G2 Phase (deg): 270
8 J—  ——SysemGt
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1073 1072 107! 10 101 102
Frequency (rad/s)

Figure 2(a). Low switching duty cycle (D=0.2).
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Bode Diagram
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Figure 2(a). High switching duty cycle (D=0.5).

Figure 2. Open loop characteristics of the capacitor voltage based on (a) low switching operation and (b) high

switching duty cycle for transfer functions G1(s) and G2(s).

Y-source DC-DC converter control strategy for speed, torque control, and ripples

reduction

The complete bock diagram for the BLDC motor control scheme is shown in Figure 3. The control circuit is
developed for effective speed and torque control with minimum torque ripples. To achieve this, Y-source converter
topology, which is an improved version of [36], is adopted with the operation as described in the section III. The
inverter control scheme is designed to track the speed error input and to maintain it to the lowest value (zero), and
the output current reference with an aptitude with least possible ripples. The inverter is a conventional six-pulse
circuit that is developed to produce trapezoidal emf with speed and torque control. The block diagram of the BLDC

control circuit is shown in Figure 3a.

*

*

.|_

en

Nref Pl

I
a-|— e la Fyst ‘ _}§12
B Control Labe o 352
linv ke B
Rotor _6,, ) Hall Effect generator | 2.
Position Sensor g opc* 36

Figure 3a. Pulse generator internal circuit block diagram.
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Figure 3b. Hysteresis current control scheme.
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Figure 3c. Pulse generator internal circuit block diagram.
Figure 3. Control circuit of BLDC motor for torque ripple reduction.

The speed of the rotor is the input, and the seven switching pulses (S1 to S7) are output for this figure. Here, the
reference speed (Nref) and actual speed (N) are compared, and the speed error signal (en*) is given to the PI controller
to get reference DC current called (Ia*). The actual DC current is the current passing through the 6 switch pulses
(Iinv), and this reference current la* is compared, and the current error (e _Ia) is given to the hysteresis controller.
The output of this hysteresis controller is three-phase reference currents (Iabc), and the block diagram is shown in
Figure 3b. The rotor position is sensed by the Hall Effect sensor and will give reference back-emf (E_abc*). This is
a conventional method to achieve the reference back-emf voltage. The Hall Effect sensor based switching working
scheme is shown in Table 1. The reference three-phase currents and reference back-emf are given to the pulse gen-
erator to get the six pulses for the respective switches, and their internal block diagram is shown in Figure 3c.

The hysteresis current control scheme internal block diagram is shown in Figure 3b. Here, Ia* is the reference
current obtained from PI controller output, and bias is a constant value. The error current signal is e Ia along with
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[a* and bias compared with zero signal and logic technique to get the reference three phase current. The seven IGBT
pulses will be getting pulses using the reference back emf voltage Eabc* and reference hysteresis controller current
Iabc by comparing them as shown in Figure 3c. The internal block diagrams in Figure 3b and Figure 3¢ describe the
hysteresis current control scheme and internal pulse generation circuit block diagram. The switching logic table for
the pulse generation scheme for the seven switch inverter scheme is shown in Table 2. Based on the back-emf input
value, the switching On and OFF are decided based on this mechanism. The en* is the speed error input value.

Table 1. Hysteresis block working table.

Ha Hb Hc EMF a EMF b EMF ¢
0 0 0 0 0 0
0 0 1 0 -1 +1
0 1 0 1 +1 0
0 1 1 1 0 +1
1 0 0 +1 0 -1
1 0 1 +1 -1 0
1 1 0 0 +1 -1
1 1 1 0 0 0

Table 2. Pulse Generator switching table.

EMF a | EMF b | EMF ¢ | SI S2 S3 S4 S5 S6 s7
0 0 0 0 0 0 0 0 0 0
0 -1 1 0 0 0 1 1 1 1
-1 1 0 0 1 1 0 0 0 1
-1 0 1 1 0 0 0 0 1 1
1 0 -1 0 1 0 0 1 0 1
1 -1 0 1 0 0 1 0 0 1
0 1 -1 0 0 1 0 0 1 1

RESULTS AND DiSCUSSION

The performance of BLDC motor system with conventional sensor based BLDC system with field oriented
control logic and PI based speed error controller is compared with the Z-Source converter (ZSC) Xia, Kun (2016)
and with the proposed Y-source converter (YSC) for the control scheme described in earlier section with six switches
being considered for the analysis. The speed and torque control along with speed and torque ripples are considered
for the analysis. The BLDC parameters like armature one phase current, back-emf of the same phase, load torque and
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electromagnetic torque (EMT), reference and actual speed, and DC link capacitor voltage are compared for the anal-
ysis. Further, inverter three-phase voltage and current, ZSC, and YSC input and output waveforms are also considered
to show the efficacy of the proposed work. They are observed under the following cases: the first case with constant
speed and variable torque control, the second case with constant torque and variable speed control, and the final case
with both speed and torque variation with respect to time.

5.1 Case A: YSC Operation Under Different Voltage Reference Values

The operation of the YSC DC-DC converter is discussed in this section with the circuit shown in Figurel(a)
under closed loop operation with variable output reference voltage as shown in Figure 4. The reference output voltage
across the load (black) and the actual DC voltage (red) is shown in Figure 4a. It can be observed that, with input
voltage6of 40V, the output voltage reached is 200, 250, and 300V set value. Under very high voltage reference value,
the duty cycle is increasing beyond 0.5 value, and voltage oscillations can be observed, and beyond this, the stability
will be lost, and voltage drops as per Figure 2 explanation about the circuit robustness. The PI controller also reaches
zero value under different voltage values, and the system is stable and controllable. The efficiency shown in Figure
4b with 200 and 250V being about 95% and with 300V being 90% on average. The 1st winding of the three-winding
circle solenoid inductor voltage and current is shown in Figure 4c, where the voltage blocking is for more time than
it is operating due to lower duty cycle. The second diode connecting both the capacitors voltage and current is shown
in Figure 4d, where the current is negative in polarity compared to its voltage, which implies the bidirectional oper-
ation achievable with this diode operation under Figure 1e operation.

Reference and Actual Output Voltages

250

Pl controller error

0 0.1 0.2 03 0.4 0.5 0.6

Figure 4a. YSC DC-DC operation with voltage step operation (top) and PI controller output (bottom).
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Figure 4c. Black is voltage, and red is current for the 1st winding.
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Figure 4c. Diode D2 voltage and current (red).
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Figure 4d. MOSFET voltage and current for YSC.
Figure 4. Output waveforms for the YSC under variable output voltage reference.

The MOSFET voltage with YSC is 330V maximum, and the current is 400A when motor is at start as shown in
Figure 4d. Here, the current waveform is also DC and is increasing with increase in load. The stress current is maxi-
mum with 200A under heavy loaded condition and increasing for few milliseconds to 300A to meet the load demand.

Hence, the voltage and current stress under steady-state, transient, and at the starting are also less with the present
method.

5.2 Case A: Constant Speed and Variable Torque Control of BLDC Motor

The test system with YSC for BLDC motor load is shown in Figure 5. In this, the BLDC motor is operated
under constant speed at 1500rpm, and the load torque is varying from 15 Nm to 30 Nm at 0.05s, later to 40 Nm at
0.1s and finally to 60 Nm at 0.15s. The waveforms for the conventional control scheme with ZSC and proposed YSC
inverter configuration are shown from Figure 4 to Figure 6. In Figure 6a and 6b, the BLDC motor parameters and
DC link capacitor voltage are shown with ZSC and YSC. The BLDC A-phase stator current using conventional
technique having distorted trapezoidal waveform with notches is observed in Figure 6a (top), while with YSC, the
current waveform is trapezoidal as in Figure 6b (top). The stator current can be observed to be increasing with the
increase in the load torque. When compared with the conventional and proposed topologies and control scheme, the
back-emf decreased when the load is increased to 60 N-m with conventional technique, whereas with the proposed

technique, this voltage is constant in amplitude. Hence, the developed torque is sufficient to carry the increased load
demand on the motor effectively with the proposed technique.
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Figure 5. Test bed system with Y-source converter and six-switch inverter to drive a BLDC motor load.

The reference load torque is shown in black line, and the actual electromagnetic torque (EMT) is shown in red
color waveform for both conventional and proposed strategies. It is observed that the starting EMT surges are almost
the same for both techniques, and this subtransient surge is observed till the motor reaches its desired speed. It can
be observed that there are more ripples in the torque waveform with conventional technique. With the conventional
technique, when the reference torque is set at 15 N-m, the EMT is varying from 0 to 25 N-m from the start till 0.05s.
When the reference load torque changed to 30 N-m at 0.1s, this EMT is fluctuating from 20 to 40 N-m. Similarly,
the EMT is varying from 63 to 27 N-m when load torque shifted to 40 Nm. The ripples slowly decreased with the

range from 30 to 50 Nm.
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Figure 6a. BLDC motor parameters and DC link capacitor voltage with ZSC.
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Figure 6b. YSC under constant speed and variable torque case study.

The rotor speed with both control schemes is shown here under variable load torque and constant speed case
study. There is an overshoot in the rotor speed with conventional technique and also few sustained oscillations ob-
served when the load torque is changing suddenly at 40 N-m. When the load suddenly increased to 60 N-m, the speed
of the rotor is decreased from reference 1500 rpm to 1100 rpm due to decrease in the back-emf developed. So, with
increase in the load above 45 N-m, which is 75% rated value, there is a drop in the speed curve due to the permanent
magnet behavior of the rotor and control circuit unable to supply desired back-emf. With the YSC design proposed,
the rotor speed is almost constant at desired 1500 rpm, and all load reaches 40N-m value. When suddenly load torque
increased to 60 N-m, this rotor speed dropped, but the slip in the speed value changed from desired 1500 rpm to 1400
rpm. Hence, in terms of speed control and torque control, the proposed method is advantageous with better perfor-
mance in all aspects. The performance of the proposed technique is comparatively improved when compared with
the latest work in Xia, Kun, (2016).

When the DC link voltage across the capacitor is observed for both ZSC and YSC topologies, with increase in
the load torque, the DC link voltage is decreasing for both cases, but this drop is considerably high with conventional
ZSC than with YSC. Initially, at 15 N-m load torque, the DC link voltage is 900V for conventional and 1100V for
proposed. This voltage is decreased slowly to 800V when torque increased o 30N-m for conventional and 1000V for
proposed. When load further increased to 40 N-m, the voltage decreased further slowly to 550 N-m with conventional
and 900V for proposed. When load finally reached 60 N-m, the DC link voltage is constant at 550V with being
conventional from 0.15 seconds, but with the proposed one, this capacitor voltage decreased slowly to 550 N-m for
few seconds and later remained constant at 550V.

The inverter voltage and current waveforms for this case with conventional ZSC and proposed YSC based in-
verter control scheme are shown in Figs. 7a and 7b. The voltage waveform is distorted and not trapezoidal of constant
amplitude with conventional scheme. Here, the voltage is fluctuating and decreasing with the increase in the load
value due to the change in the capacitor voltage value. At light load, the inverter voltage is 800V, and it is decreased
to 600V phase to phase. But when the torque increased to 60N-m, the DC link voltage remained constant at 600V,
and the waveform got better. This is due to the change in the capacitor voltage value and also because of the PI output
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current ripple value. The current waveform is also having similar distortions with conventional technique. When the
same voltage and currents are observed with the proposed YSC topology, the voltage waveform is having the same
amplitude under the same load torque as capacitor voltage is almost constant as shown in Figure 7b bottom right. But
when the load torque is increased to rated value of 60 N-m as shown in Figure 7b, which is often the case, there is a
decrease in the inverter voltage due to decrease in the capacitor link voltage. But the current three-phase waveform
is constant when the load is constant, but it is increased and maintained constant in aptitude as the load torque is
increased. When the load is at 15 N-m, the current is 8A, and it increased to 17A when the load increased to 30 N-m.
This current further increased to 30A when the load reached 40 N-m, and finally, when the load became 60 N-m, the
inverter current is 51A. The distortions in current and voltage waveforms are lesser with the proposed control scheme.
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Figure 7a. BLDC motor inverter voltage and current with ZSC.
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Figure 7b. YSC.
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Now, at 0.15s, this load torque increased suddenly to 60 N-m; during this period, the surges are lesser at this
load with variation from 50-70 Nm. Hence, there are more surges with this control scheme. The reason for large
ripples is due to the fact that the output of ZSC is having large ripples as shown in Figure 7a. The current ripples are
very high till 0.15s, so torque ripples are also high. The same dynamic analysis for the EMT is analyzed when YSC
and inverter are used. The starting surge is almost the same for both techniques, but the ripples are very less when
the load torque is up to 40N-m. But when this load torque increased to 60 N-m, there are few ripples observed in this
from 0.15s. This is because the motor is extracting more current from the stator to drive this heavy load. But due to
permanent magnet behavior of rotor, more decomposition of flux is difficult to obtain. However, with the proposed
technique, the ripples are comparatively less. The YSC output is having lesser ripple when the load torque is low, but
this rippled got increased considerably when the load torque is increased to 60 N-m.

When considering the ZSC case, initially, rotor speed is increasing from zero to 1500 rpm. So, rotor rotated in
opposite direction at the beginning for little time started to rotate in forward direction. Hence, the PI error input value
started from 1550 value and is decreasing. With ZSC, the rotor speed increased beyond 1500rpm for few seconds, so
the PI error input extended to -400 value and settled at near zero value later at the load of 15 N-m. The reason for the
overshoot or undershoot is because of the integral parameter constant value. If this value is decreased, the settling
time will be increased, which is not desired in general for a BLDC motor for general applications. The speed error or
input to the PI controller is controlled effectively with well-tuned PI controller. But, when the load increased to higher
values, the PI controller behavior got disturbed, and hence, there is a diversion in error value. The PI controller output
is current reference. If it is observed that PI input is well controlled, the output is having large fluctuations. The PI
saturation block limits helped control the current to SOA peak to peak. It can be observed that the error value is
maintained almost to zero value till the load is 40 N-m and a small deviation of 100. The YSC topology based output
is maintained at small value, but some surges are observed when load changes take place. However, when the load
change is very high, that is, at 60 N-m, the YSC and control scheme proposed based output are also having ripples
but are smaller compared to ZSC.
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Figure 7c(i). MOSFET voltage and current with buck-boost chopper for [31] method.
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Figure 7c(ii). MOSFET voltage and current for YSC.
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Figure 7d. Duty cycle with the YSC.

Figure 7. Output waveforms for the two methods under constant rotor speed and variable load torque.

Hence, from this case study, it can be understood that the YSC performance is superior to ZSC controller in
maintaining the speed and controlling the torque. The torque ripples are minimized, torque and speed surges are
curtailed, and overall performance is improved. With the proposed technique, heavy load can operate effectively on
a BLDC motor while maintaining the speed almost constant. In the next subsection, the case study is variable speed
and constant load operation. The buck-boost chopper MOSFET switch voltage and current waveforms are shown in
Figure 7c(i), and the proposed method is shown in Figure7c(ii). The initial MOSFET voltage increased to 600V
initially and is then set to almost 370V, and slowly, the voltage is decreasing. The current also is high with about
+200V and -300V under lighter load, and slowly the stress on it is decreasing. The MOSFET voltage with YSC is
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330V maximum, and the current is 400A when motor is at start. Here, the current waveform is also DC and is in-
creasing with an increase in the load. The stress current is maximum with 200A under heavy loaded condition and
increasing for few milliseconds to 300A to meet the load demand. Hence, the voltage and current stress under steady-
state, transient, and at the starting is also lesser with the present method.

The duty cycle with the proposed method is shown in Figure 7d. To meet the starting current and load
values, the switching is on for more time, and hence, the duty is 0.5 initially. When the speed adjusted and torque
stabilized with its reference value, the duty ratio decreased to a small value. Once the load is again increasing, the
duty cycle is increasing to meet the load torque demand. If there is a large rating, the capacitor of two times will
reduce the duty cycle by one-third times the present one. However, increasing the capacitor rating will add additional

cost to the system.

5.3 Case B: Constant Torque and Variable Speed Control of BLDC Motor

In the earlier case, constant speed variable torque is discussed; now, variable speed and constant torque will be
considered. A half load of 30N-m is fixed, and speed reference is changed from 1000 to 1750 and 2500 rpm at 0.075
and 0.15s, respectively. The machine parameters and others remained the same as those in the earlier case. The start-
ing current with ZSC is 50A, and YSC is 62A, and this initial current is settled once the motor reaches steady-state
reference value. It can be observed with the conventional method that, at low load torque and low speed, the armature
current distorted with spikes and notches as shown in Figure 8a. But with the YSC as in Figure 8b, the current is
trapezoidal, and amplitude is almost constant, and few negligible surges in the current are observed when the speed
changes from one value to the other. In both cases, the frequency of the current waveform is increasing as speed is
increasing. The back-emf is almost trapezoidal with both technique and this voltage increasing with the increase in

the rotor speed.
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Figure 8a. BLDC motor parameters and DC link capacitor voltage with ZSC.
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Figure 8b. YSC under constant torque and variable speed case study.

The ripple in the torque is high with ZSC and varies from 0 to 50 N-m when the speed is lesser at 1000 rpm.
The distortions decreased with the increase in speed and are less as speed increased to a higher value. In the same
way, the torque ripples are lesser at lower speed with YSC and are almost the same as reference and actual torque.
But few surges are observed when the speed adjustment is done because the change in the PI controller input and
output values as speed is changed. When the reference and actual speed are compared in both controllers, there are
few overshoots, and controlled oscillations are observed when speed transient takes place for PI controller. But when
the speed is increased to a higher value at 2500 rpm, the rotor cannot adjust to the desired speed and attained only
2000 rpm. When YSC with the proposed technique output is observed, the reference and actual speeds are almost the
same for speeds up to 1750 rpm, but a deviation of about 250 rpm is observed with YSC, which is comparatively
lesser in deviation than that with the ZSC configuration. The DC capacitor value, which is chosen as some small
value in this paper, deviated from lesser speed value to higher speed value in both cases. But this voltage is maintained
constant for more time with the rapid change in the speed with YSC. If higher value of capacitor is chosen, the
capacitor link voltage is maintained constant; hence, speed deviation can be curtailed for both the cases. However,
the performance with the same parameters of the proposed YSC is better than that with a ZSC design based conven-
tional technique (Xia, Kun, 2016).
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Figure 9a. BLDC motor inverter voltage and current with ZSC.
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Figure 9b. YSC configuration.

The inverter voltage and current waveforms for conventional ZSC and YSC are shown in Figs. 9a
and 9b. It can be observed that there are more distortions in the voltage and current waveforms at lower
speeds than with higher speeds with conventional design (Xia, Kun, 2016), and the distortion in the voltage
and current is lesser with YSC proposed. Frequency change in the waveform can be observed with both
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control schemes. The starting current is high with YSC. The input to PI controller is speed error, and the
output is reference current. The ZSC topology based input and output waveforms are shown in Figure 9a,
and with YSC, it is shown in Figure 9b. It is easily observed that, with the waveforms with ZSC design,
there are few ripples in the speed error but are maintained at zero value till the speed is 1750 rpm. But
when the speed further increased to a higher value of 2500 rpm, there is deviation in the speed to 500 rpm.
However, there are no ripples in the YSC input or speed error value; hence, the desired speed is achieved.
But surges are observed when speed change occurred at 0.075 and 0.15s. When the reference speed is
adjusted to 2500, a deviation in the YSC is observed and is around 250 rpm.

The current reference value with PI is having large oscillations at lower speed and attained upper
saturation value of S0A when the high speed of 2500 rpm is demanded. With YSC, the current reference
value or its output value changes considerably when the rotor speed demand changes. There are few spikes
in the reference current value when speed transient occurred. Ripples in current are observed at very higher
speed. When speed goes up to 2280 rpm, the speed deviation is very small with YSC, but beyond this
speed, deviation in reference and actual speeds is observed. When compared with the work of Xia, Kun
(2016) for BLDC torque ripple reduction, the performance of proposed technique for the BLDC motor is
comparatively better with lesser ripples and effective speed and torque control mechanism. When the mo-
tor is started with heavy load, and if all the capacitors’ voltages are very less or zero, the DC link chopper
voltage is shown in Figure 10a, and the duty cycle of the switch Sd is shown in Figure 10b.
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Figure 10a. DC link voltage across the capacitor.
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Figure 10b. Duty cycle of the YSC switch under heavy load condition.
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Figure 11. Efficiency vs input voltage characteristics of YSC under different duty cycles.

It can be observed from Figure 8a that when the capacitor voltage is low, the duty cycle is high, and when this
voltage is increasing, the duty cycle is decreasing, respectively. When a steady DC voltage is obtained, the duty cycle
will also remain almost constant. The efficiency vs input voltage under different duty cycles is shown in Figure 11.
It can be observed that, with the increase in the duty cycle, the efficiency is decreasing. The YSC proposed topology
will have very less switching stress and is better in performance and efficiency.

5.4 Case C: Variable Torque and Variable Speed Application of BLDC Motor
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In this case, both the torque and speed of the solar PV based BLDC motor are varying, and the parameters are
observed for the analysis. The motor speed controller is controlled using a PI controller. The torque is changing from
the initial value of 25N-m to SN-m at 0.075 s and again increased to 25N-m at 0.15s, and finally, it reached 15N-m
at 0.2s as in Figure 12a. The rotor speed reference value is changed from the initial value of 1000 rap to 2000 rpm at
0.1s, and the BLDC motor and the DC link voltage actual waveforms are shown in Figure 12a. It can be observed
that the starting torque is 45N-m till the rotor speed reaches its reference value of 1000 rpm. There are no ripples in
the torque with the proposed method and topology than with a conventional six-switch topology.

When the torque is decreased at 0.075s to SN-m, there is a small speed change, which can be neglected due to
the rapid speed controlling action of the SMC. When the rotor speed in increased to twice its value, there is a small
surge in the torque, and it immediately reaches its reference value. With the increase in the torque to rated value at
rated speed, torque small ripples are observed, as well as a small deviation in the rotor speed from 2000 to 1900 rpm
due to large load torque application to the motor as shown in Figure 12a. Once the load is decreased by 10 N-m to a
value of 15N-m, the torque ripples are decreased, and the rotor speed also reached its normal value. With the increase
in the torque, the armature current is increasing in magnitude, and with the increase in the rotor speed, waveform
frequency is also increasing, but surges are very less with the proposed scheme and topology. With the change in the
load torque of the motor, the DC link capacitor voltage is also changing, respectively, to supply the desired voltage
and current. As there is no chopper control action, the seventh switch only will actively control the buck and boost

action for the inverter.
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Figure 12a. BLDC motor parameters and DC link voltage with SMC.
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Figure 12b. BLDC motor input inverter voltage and current.

The BLDC motor voltage source inverter A-phase voltage and three-phase current waveforms are shown in
Figure 12b. The voltage magnitude is almost constant but is square wave in shape, and the current magnitude is
changing in all the three phases equally in magnitude and frequency with respective change in the torque and the
rotor speed. The current waveform is trapezoidal, and there are no surges when the torque or speed is changing. The
starting current is also high, but the voltage is constant with the proposed control scheme.
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Figure 13a. IGBT current through the MOSFET Sd switch.
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Figure 13b. Zoom waveform of IGBT current for Figure 13a.

The seventh switch location is shown in Figure le, the current through this switch is shown in Figure 13a, and
the zoom of the waveform is shown in Figure 9b. The switching current is high when the motor requires high starting
current, and this current is very small when there is a decrease in the load torque at 0.075s. When there is a speed
change, the current also is increased till the reference speed is reached. It can also be seen in Figure 13b that the
current is almost constant, and the switching action is very optimal when YSC topology is used with the proposed
control scheme.
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Figure 14(a). BLDC voltage THD values with ZSI.
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Figure 14(b). PI controller using Y source inverter topology.
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Figurel5(b). PI controller using Y source inverter topology.

The current is having some harmonic components, but the current is in-phase with the same phase voltage. The
THD values of current and voltage are shown in Figs. 14(a) and 14(b) using ZSI and YSI topologies. The current
THD is 10.68%, and the voltage is 29.15% with a harmonic order of 5, 7, 11, 13, 17, and 19 significant. At full load,
the harmonic content of the output current is minimized by the influence of the machine stator equivalent inductance
and resistance, which are L_r1 =3 mH and R s1=0.432 Q, respectively. Unfortunately, this effect is not so noticeable
when the available wind decreases, and therefore, the maximal output power decreases, and the THD increases. The
amplitude of the 5™ current harmonic is 9.2% of the fundamental, which is greater than the 4% allowed by IEEE 519
standard. Of course, the IEEE 519 standard is not applicable to this situation, but it is a guideline.

The THD presented with the YSI is lower than 3.5%, and the low amplitude of the 5th harmonic under 3.5%
reveals the suitability of this topology to harmonic mitigation as shown in Figure 15(a). An effective improvement
in the voltage THD was obtained, and the results are shown in Figure 15(b). These good results were obtained for a
constant duty cycle below 50%. The main drawback of this ZSI topology is the high output voltage 1 kV, in as much
the line-to-line BLDC RMS output voltage has increased to 220 V at full load, and the BLDC line current has de-
creased once the output power was kept constant at 2 kW. A comparison of the conventional inverter without chopper,
with ZSI, and with proposed YSI showing different losses and efficiency is denoted in Table 1. Compared to the
combination, the proposed Y SI topology is better in terms of THD, PFC, and also efficiency than with ZSI topology
or without a chopper based direct inverter.
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Table 1. BLDC core, copper, friction, and windage losses in (W) and efficiency in (%).

Cobper Friction & Cumulative Overall effi-

Topology L pp Core Losses Windage ciency of
0sses losses .

losses the drive
Rated 1701.15 219.40 120 2040.55 90.74
Conventional inverter 2318.93 180.82 120 2619.75 88.42

without chopper
Z-Source Inverter (ZSI) 1724.73 251.32 120 2096.05 90.51
Y-Source Inverter (YSI) 1486.33 269.96 120 1876.29 91.42
CONCLUSION

The Y-source converter (YSC) based DC-to-DC chopper configuration with conventional six-switch inverter
topology is considered in this paper to observe the performance of brushless DC (BLDC) motor. In this paper, the
position sensor and speed are measured in a conventional way using a hysteresis sensor. But, YSC topology and the
inverter control scheme are different and are designed to improve the BLDC motor performance under load and speed
changes with better performance as major objective. The torque ripple reduction is a secondary objective of this work.
The technique improved the speed and torque control and also effectively curtailed the torque ripples and back-emf
waveform when compared to conventional vector control scheme with ZSC. The proposed technique is helpful for
high speed up to 2500 rpm and with large motor load torque about 60 N-m. The speed and torque surges and ripples
are very less. With small rated DC link capacitor value, the speed and torque control with better waveforms are
observed. The inverter voltage and current waveform are trapezoidal with lesser distortions. This technique is appli-
cable to water pump system and automotive system where load fluctuations and speed variations are more. As fluc-
tuations in speed and torque are also less, it can be used for emergency systems and advanced control systems like
robotic arms and medical applications. Therefore, from all the above, the overall performance of BLDC motor is
improved with the proposed YSC topology and the inverter control scheme. The future scope of the work is to main-
tain the speed deviation to as low as possible even at higher load torque or rotor speed with limited rating capacitor
value.

APPENDIX

The BLDC parameters: Rs=1.8750Q, Ls=8.5mH, flux linkage=0.175, back-emf flat area is 120°, moment of
inertia (J)=0.8mkg-m?, friction coefficient (F)=1mN-m-s, pole pairs (p)=4.L1=1.5mH, L2=1.25mH, C1=970yF,
C2=370uF, C3=470uF, C4 and C5 are 940uF. The windings are having turns ratio of 1:5:3.
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