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Abstract: - This paper presents a Robust Control of Cuk Converter Fed DC motor drive connected to an
electrical single stage centrifugal Pump for small scale irrigation. Cuk converter can be used for both voltage
buck and boost mode with polarity reversal. In this paper the transient modeling of Cuk converter with motor
load and electrical single stage centrifugal pump is carried out. The averaging is done by state-space average
analysis followed by small signal model analysis for linearization. The compensators for closed loop control are
designed by classical control technique. The experiment is done in MATLAB work environment and the result
is verified by Simulation.
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1 Introduction

Power electronics plays an important role in Fig.1. Transient modeling analysis is done by state-
adjustable DC motor drive system. The efficiency, space averaging method followed by small signal
reliability and power regulation of DC motor drive model analysis. The compensators for the speed
increases by using different dc-dc converters. Due to loop and the current loop are designed based on the
the fast development and better switching control of frequency responses as well as root locus technique
static switches these drives are applied for various for the system [3]-[5]. An electrical single stage
applications. The basic necessity is irrigation of centrifugal pump is chosen for the operation in
water to the fields for proper production of corps to small scale irrigation [6], [7]. A robust control
meet the demand. In the remote areas where no ac technique is used for improving transient response
supply is given till date and the necessity of small and tested in Matlab/Simulink environment.

scale irrigation is required, in such places these

battery supplied DC motor driven centrifugal pumps

can be used for the same. Afterward the battery can sy [ AP cuc e M1 ess L prum
be replaced by or connected to any renewable convert motor centfuge
source like solar, wind or hybrid to have a constant

source of power in remote areas with better control Inductor

[1].Advantages over direct converters, the indirect oulses for switch signal pest;

DC-DC converters have wide application with ofconverterunt sl

higher range of speed control. Both isolating and il

non-isolating indirect dc-dc converters are now unit

applied for most latest DC motor with centrifugal

pump system for better performance. Among these

the boost-buck converter also known as cuk Fig. 1. Block diagram of Cuk converter
converter has unique identification due to its controlled separately excited dc motor drive with an
different configuration of circuit using a capacitor as electrical single stage centrifugal pump.

main storage device with polarity reversal 2 State-Space Average Analysis Of
possibilities [2]. The basic block diagram of a fged cuk Converter With Motor Load
back control system of a Cuk converter with ) )

separately excited DC motor load along with an And  Electrical ~ Single  Stage
electrical single stage centrifugal pump is shown in Centrifugal Pump
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The transient modeling and analysis of Cuk
converter with motor load along with an electrical
single stage centrifugal pump can be explained in
two modes. Assuming continuous conduction mode,
there are two modes one is called duty interval
mode, where capacitor voltage appear across the
load by turning on the switch and other is
freewheeling mode where diode is on to short the
armature terminals of motor [8]-[13]. Five state
variables are needed to represent the state-space
averaged model of proposed system. The simple
separately excited DC motor is used in this
investigation [14]-[16]. The load torque here is the
mechanical torque (T,) of the pump, which is
directly proportional to the ‘head’ of the pump and
here it is considered as a non-linear function of the

motor speed i.e. Kiwim where K. = 9.6 < 107* The
Kirchoff’s Voltage Law, Kirchoff’s Current Law
expression in terms of the inductor current and
capacitor voltage when switch is on are (the
equations are formed by assuming Cuk converter
exhibits a polarity reversal between input and
output) given as follows:

di;

= = Vin )
diy
L+ Raiip + Ky — v = 0 (2)
dvp .
CF = —l]: (3)

Where L1114 Vig. La T12. B Ky, v € gre
inductance 1 in henry, input current in ampere, input
voltage in volt, inductance 2 in henry, armature
current in ampere, armature resistance in ohm, back
emf constant in N-m/amp, angular speed in rad/sec ,
capacitor voltage in volt and capacitance in mF
respectively.

Now the fundamental torque equation for the
motor-load system is given by (4),

T.-T =1 o,

The above equation can be written as:

} ®)

(4)

dewp,
—=

dt = Kbi]: —Bmm— T'|

T, = Kyiy
Since,
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Ty =K:wh  (For centrifugal pump)
Now putting all the wvalues in (4), and

differentiating both sides,
di,
ja+ Ba -I—EKlmma:KhE (6)
Where,

didg

a o ° (7

da Hpve HRwm  HpRain  a(B+IKywg)
a L L La] i 8)

Where - Te: T1- B. 2 represent moment of inertia of
motor in kg-m?, instantaneous torque in N-m, load
torque in N-m, viscous friction in N-m-s/rad and
rate of change of speed respectively. The (1), (2),
(3), (5), (7) and (8) can be represented in state-space
form as follows:

.%_
ar 0 DR ? UE: 0 ]
dijz 2 - _M™ :
d_1t 0 La Lz Lz 0 ;H'
dv. | 1 12
pll c 0 0 0 v,
dug| [0 0O 0 0 1 W,
dt g Hufs E -Kf  -(B+2Hywg)|- 2
215 L oL Li T
- dt - +
L
0
0
0
0 8
0 0 0 0 0 T
B 1 By
0 L L L, 0
1
A, =0 -z 0 0 ]
0 0 0 1
0 -Ep Ry B By -(B+iKywg)
Where - Laj Lzj Laj i -
1y
0
B,U, = 0
0
and 0

Similarly when switch is off, the diode is on.
Based on KCL and KVL the equations can be
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written as follows:

Lo 22 + Ryigy + Ky = 0

©)
diyy _
Ll dt + Ve = vil:l (10)
dv, .
Ca =i (11)
dun
it (12)
da Heve _ EpRa, K‘ﬁ"—"m _

a(B+2K; wg)

@ L L BT L (13)
The state-space form of above equations (9) to

(13) can be represented as follows:

- dig 1

A,

] N -
a| [0 o -o o 0
dijg Ra Ep 1
dt 0 - 0 -3 0 i
dve | _ |y i
ar |~ | 0 0 Ve
Ijli.'l_m |:| [] 1 II""'I:I'.I
a o _ Fufs B Eakem| *
Rl I Laj Laj R
L
0
0
0
+-0 (14)
Where
. -
0 0 - 0 0
Ly
Ba _B
0 - 0 L. 0
=1
Z |: 0 0 ]
0 0 0 1
Ey Rq 264 (B+2Hytim]
0 - p -t _Ettwl
L Laj Laj i -
Ly
0
B.Uz = 4
0
and 0 (15)

Let the switching function of self commutated
controlled switch and diode is g, and qQ
respectively. Assuming the continuous conduction
mode, the averaged model is obtained by

substituting d for g1 and 1—d for g2.The state-space
average model is represented as:
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¥_A¥ +BU
Y=CX
Where &4 = dA; + (1 — d)4;

and BU = dB, U, + (1 — d)B,U,

(16)

Substituting (7) and (13) in (14) results,

0 0 _ (1-d] 0 0 h

Ly
Ba a _h

0 "L Ly L. 0
A =|l1-a d

c —-C ] 0 ]

0 0 0 0 1

o _ Hefa dEy KB (B+iKem)

- Lzj Lzj Lzj i -

L;in

0
BU = 0

0

0 @an

Hence the state-space average
derived as follows:

form can be

- m -
dt
dt
dve | _
de |
diwmg
dt
da
dt - .
(1—d] 7
0 0 - 0 0
Ly
R d Ep Iy
0o -= = = 0
L: L: L: |.'|:
(1-dd d
- 0 0 0 Ve
C C iy
0 0 0 0 1 3
0 EpRa dEg B (B+2H; wmy)
- Laj 2] Lzj i -
1r.
tin
Ly
0
0
0
0 (18)

3 Modelling of Centrifugal Pump

The affinity law is used to draw the performance

curve of head and flow rate at the nominal speed.
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The flow rate ¢ is directly proportional to impeller
speed and the head (H) is directly proportional to

square of speed “=- Since the hydraulic power (P) is
directly proportional to the head and flow rate
therefore it is proportional to the cube of speed

(w!).i.e. Kywm this law is applicable only above the

threshold speed (“:).For less than the threshold
value the pressure produced by the pump is less than
the static pressure and the rotation just circulate
water within the pump [17]. The characteristic of
centrifugal pump with valve completely opened is
illustrated in Fig.2 and the speed Vs centrifugal load
torque graph is shown in Fig. 3.

Chevacterisics of Centrugal Pump it Valve Opened Completely

&=

Flow Rate(/min)

=
s
=

L m

Head(metre)

) n L i L} m ] ) 16 L m

=

Head(metre)

il B kil % Ll
FlowRate{min

Fig.2. Characteristics of centrifugal pump with
valve completely opened.
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Centrfugal Load Torque Vs Speed

Load Torque(N-m)

_—

VD 0 0 0 80 10 jril Ll 160 180 0
Speed(radisecond)

Fig. 3 Speed («s) Vs Centrifugal Load Torque (T1)

Q =aw —b (Where * >Thresholdspeed())
(19)

Q =0 (When w< Threshold speed (“s))
(20)

The value of ‘a’ and ‘b’ depend upon the static
head and decreases with the increase of the pumping
head and it has maximum value when the discharge
valve is fully opened [1].

The head equation can be written as

H = cw? — dw (21)

Where the values of ‘c’ and‘d’ depend on the
valve setting. Since the hydraulic power is
proportional to the head flow rate product. It is
represented as:

B =cw® —cw?t+ow (22)

The Torque developed by the motor depends
upon the head and therefore it is directly
proportional to the square of the speed. To start the
centrifugal pump, a breakaway torque of above 10-
20% of nominal torque is required to overcome the
static friction of the moving part involved. For
variable head drive system, the speed of the motor is
required to be controlled. In this paper, the speed is
regulated depending on the head of the system.

This electrical single stage centrifugal pump is a
kind of volute pumps. In general the energy
calculated is:
= Yw#

E = (23)
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Where, £ =Energy in kilowatt hour or watt hour

Vw=Volume of water in™°, H=Head in metres
Again power calculated is:

P=: (24)
P =0.81QH (25)

Where, F=Power in watt, T=Time in hour

@=Discharge in litres per second

The Cuk DC-DC converter is in between the
battery and DC motor, used here to control the
speed of the motor by controlling the armature
voltage below and above the input battery voltage.
Changing speed of the motor keeping flow rate
constant is proposed in this paper.

4 Small-Signal Analysis
The state-space averaged model of Cuk
converter with active machine load shown in (18) is

non linear in nature as the control parameter € is in

matrix #. Therefore small-signal analysis is required
to make the state-space to be linear [18]. Due to

small variation of 4 in steady state D' the state
variables are changed tolhs+Ts ha+T2 Vet
and @m + Gm Assuming constant load torque and
without disturbance in input voltage the state-space

averaged model (18) with small perturbation is
modified by (26),
[ dl_ A J--_ i

-D-d)
= Vo ! |
il i) R, D4 K B
v i - — - L Cy
V.+v L L: L v
- =l1-D-d) D+é ¥
& - — ) 0 Uy 18
Gleg T :‘I'_.“ N L l-r: 'I .
d ' 0 ] 0 e
B 0+ K B+
(243 | s _—
- Wb W]
Ly
0
0
0
+ 0 (26)
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Subtracting (18) from (26) and neglecting higher
order perturbation terms, the small-signal model of
Cuk converter without any mechanical load torque
can be written as:

.%_
dt
dt
a4 | _
dt |~
i
dt
di
S e (1-D
0 0 = 0
L1 -
R ] Hy I
0o -= = _= 0 "
Lz Lz Lz Iz
(1D D P
_ = 0 0 Ve
C c i
0 0 0 0 m
0 KoRa  DEp B (EeiKeg)| 2
- Laj Lzj Lz i -
1r
¥
Ly
1r
¥
Lz
- (ha+ b2l [a]
C
0
E‘:‘b‘pr:
oLy
(27)

The small signal step responses and bode
diagrams are shown for inductor current, armature
current, capacitor voltage, speed and rate of change
of speed are represented in following fig.4 and fig.5
respectively. These figures are describing the effect
of system parameters on the stability of the system.
The bode diagrams briefly explain the phase margin
and gain margin of the system. Here the noise will
pass to the output. Hence the closed loop control
will take care of noise by designing appropriate
filter in feedback loop. The overshoot and settling
time is always desired less for a better system. So
for that all the design parameters are properly
calculated. In closed loop control the proper design
of feedback loop will eliminate most of the
undesired elements of the existing system. Bode plot
of inductor current has a gain margin of infinity and
phase margin of 89.8748, where the phase cross
over frequency is 711.12.

Volume 14, 2015



WSEAS TRANSACTIONS on CIRCUITS and SYSTEMS Saswati Swapna Dash, Byamakesh Nayak

Step Response Step Response Step Response
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Fig.4. Small signal step responses for Inductor current, Armature current, Capacitor voltage, Speed and Rate
of change of speed.

Bode Diagram Bode Diagram Bode Diagram
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Fig.5. Small signal bode diagrams for Inductor current, Armature current, Capacitor voltage, Speed and Rate of
change of speed.
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5 Steady-State Analysis and Transfer

Function
The steady-state equations can be derived from
averaged state-space model (16) and represented as:

_ fin D
Ve=10 (28)
hy _ D
h:  1-D (29)
Eptwm+Baliz — D

iD (30)
T, = Kph; —Bup, (31)

The Boost-Buck converter exhibits the reversal
polarity between input and output voltage

D

sinceﬁ}n at any value of D (equations are
derived based on reverse polarity of output voltage).
Fig. 6 shows the relationship between the modulus
of voltage gain and duty cycle. The small signal
model parameters in Table-1 are derived from a
practical system and Fig.7 demonstrate the
simulated response during step change of duty ratio
D from 0.8 t0 0.9.
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Buck Mode Boost Mode
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T
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Fig. 6. Modulus of voltage gain versus duty cycle of
Cuk converter controlled separately excited dcmotor
drive.

TABLE |
Small Signal Model Parameters
Vi 48V
Ra. 0.5Q
L, 0.27H
L, 1.326H
C 1.31mF
D 0.8
B 0.02N-m-s/rad
J 0.05Kg-m*
f, 10kHz
Kp 1.23N-m/amp
T, 0 N-m

Simulated responses during step change of Duty ratio (D) from 0.8 to 0.9
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Fig.7. Simulated response during step change of duty ratio D from 0.8 to 0.9.
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6 Current Mode Control of Cuk

Converter

The derived transfer functions from small-
signal model can be used for current mode control
method. In current mode control method there are
two loops one is inner input current loop and other
is outer speed loop where actual speed follow the
reference speed. In inner loop, the direct
measurement of input current is compared with the
reference input current estimated from the speed

loop. The error is compensated using GeifS). Hence
the loop transfer function of inner current loop is

Gei(S) = Gild(S) The switching function d9(t) is

determined from the output of Gci(S) through
hysteresis band controller. In outer speed loop, the
direct measurement of actual speed is compared
with reference speed. The error is compensated

using Gew(E) | The output of Gew(S) s the reference
input current command which is processed by actual
current by inner loop. The block diagram of current
control mode is shown in Fig. 8.

Guls) |1

WlS) GidlS) [

Fig.8. Block diagram of closed loop speed control
of separately excited dc motor drive.

Here the outer loop is highly coupled with inner
loop because of input current command is generated
from outer loop which is the command value of

inner loop. The coupling behavior can be
represented by,
(i, — ,)Gei(5) = d (32)
Substituting the value of i1z by,
i1, Gei(S) = d(1 + Gi1d(8) Gei(S)) (33)

Now the input current command-to-speed transfer
function is given by,
% _  Gwd(5)Geil5)

. _ Gl
Gwill(s) = 505 [1+Gitd(S)Geils)

(34)
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7 Simulation Results

In order to keep the flow rate constant for
different head, the speed control of DC motor with
centrifugal pump is required. The actual speed of
the motor is compared with the command speed
estimated from the head and the error is processed
through a compensator. The output of the
compensator is the inductor current command. In
the current mode control method, the inner loop,
where the direct measurement of inductor current is
compared with the reference inductor current. The
output is fed to hysteresis band modulator and the
pulses are generated for the switches of Cuk
converter. The compensator is designed based upon
frequency responses.

The compensator for speed loop is designed
using classical control technique and root locus
method. Step responses of 80 rad/s for 20 seconds
and at 20 seconds step response command increased
to 120 rad/s are used to observe the dynamic
characteristics of inductor current, armature current,
capacitor voltage speed respectively. The inductor
current, armature current and capacitor voltage and
speed responses of change of step reference from
80rad/s to120rad/s is shown in Fig. 9, Fig. 10 , Fig.
11, Fig. 12 respectively. It has been observed that
both of the speed responses reach the respective
steady state value without exhibiting the oscillation.
The settling time for high speed response is lower
than the low speed step response command. Settling
time for 80rad/s is 12 seconds and for 120rad/s is
about 9 seconds.

Inductor Current Response

a5 [

/
/
/
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I

50

o~
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w
&

>

Inductor Current(A)
[N
=3 ol
————
I

.
o

[,
o

o1

0 5 10 15 20 25 30 35 40
Time(Second)

Fig.9. Inductor Current Response of closed loop
Cuk converter control of DC motor with ESS
centrifugal pump for a change of step response from
80 rad/s to 120 rad/s.
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Armature Current Response
4

. 4
10 /
8 /

Armature Current(A)
=

0 5 10 15 20 % kil 3% 40
Time(Second)

Fig.10. Armature Current Response of closed
loop Cuk converter control of DC motor with ESS
centrifugal pump for a change of step response from
80 rad/s to 120 rad/s.

Capacitor Voltage Response
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N\ /
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= =
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=<}
S

=
S

40

0 5 10 15 2 %5 0 3% 40
Time(Second)

Fig.11. Capacitor Voltage Response of closed
loop Cuk converter control of DC motor with ESS
centrifugal pump for a change of step response from
80 rad/s to 120 rad/s.
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Speed Response
140

Speed(rad/sec)
= o
3 =
—

40

0

0 5 10 15 2 5 3 3 40
Time(Second)

Fig.12. Speed Response of closed loop Cuk
converter control of DC motor with ESS centrifugal
pump for a change of step response from 80 rad/s to
120 rad/s.

8 Conclusion

This paper presents detailed transient analysis
of Cuk converter used for speed control of DC
motor with ESS centrifugal pump. The further
analysis is done using small-signal analysis for
linearization. Hysteresis band controller is used here
which is a kind of robust control. The simulation
results reveal that, the over shoot and settling time
of compensated system is less compared to the
uncompensated system. Advance controller can be
employed for better switching performance and
hence better result and can promote small scale
irrigation in agriculture sector.

Appendix

Machine rating and parameters: 5HP, 240V
separately excited with R,=0.50hm, L.,=0.01H,
Kp=1.23N-m/Amp, R~=2400hm, J=0.05Kg—m2,
B=0.02N-m-s/rad and No load speed=193.8rad/s.
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