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Abstract: Parallel connection of converter modules results in generation of higher output current. Improper current sharing takes place if para-
meters of two converter modules are different. This study proposes a new current-sharing scheme for parallel connected boost converters. This
current-sharing scheme control converter output by proper selection of transistor switch current. In this case, converter duty ratio is not
adjusted directly. The adjustment of converter duty ratio depends on inductor current, capacitor voltage and power input voltage of converter.
Stability of the proposed current-sharing scheme is increased by adding artificial ramp to transistor switch current. The effects of adding arti-
ficial ramp are analysed and discussed. The proposed current-sharing scheme is compared with existing current-sharing scheme whose con-
verter output is regulated by direct choice of duty ratio. The proposed system is implemented in real time using PIC16F877A. Simulation and

experimental results verify the effectiveness of the proposed current-sharing scheme.

1 Introduction

High power de—dc converters have become a major requirement in
many applications. It plays a vital role, especially in medical field,
industries, satellite communication, telecommunication, military
application etc. To generate higher output current from low power
converter modules, two or more low power dc—dc converter
modules can be connected in parallel at the output [1-4].This
paper proposes parallel connected boost converters for generation
of higher output current.

The main problem associated with parallel converters is param-
eter mismatch. It results in power in balance problems between con-
verter modules. The power in balance problems degrades the
performances of parallel connected converter modules. Hence, it
is essential to ensure that each converter module of parallel con-
nected boost converters share the load current equally in the pres-
ence of parameter mismatch. There exist many current-sharing
techniques for parallel connected converters.

One of the commonly used methods for stabilisation of parallel
dc—dc converters is the conventional droop method [5, 6].
Drawback of this method is load sharing depends on output-voltage
regulation (OVR). Alternative current-sharing system is active
current-sharing mechanisms [7-11]. Here, the difference between
the reference current and the output current of each converter
module is given as input to control loop. One common
current-sharing approach is the dedicated master—slave control
scheme. In this scheme, all of the slave modules follow the refer-
ence current of the master.

A control scheme for current sharing is proposed in [12]. Two
loops were used, an output-voltage loop and an inner current
loop. The control scheme was implemented using digital signal
processor (DSP). The converter output is controlled by direct
choice of duty ratio.

In [13], a three-loop control strategy, consisting of common OVR
loop, individual circulating current suppression loop and individual
inner current tracking loop were used for current sharing. In this
method increase in number of loops increases circuit complexity.

A three-loop control scheme with fixed and common duty cycle
was presented in [14]. Common duty ratio control scheme for an
input-parallel-output-parallel (IPOP) connected converters was
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presented in [15, 16]. Automatic sharing of currents in two half-
bridge converter modules by applying an interleaving connection
in the rectifier diodes was presented in [17].

In [12, 13], current sharing takes place using direct choice of duty
ratio, which increases circuit complexity. However, in [14-17]
current sharing takes place without a dedicated current controller,
but based on common duty ratio. The drawback is no perfect
current sharing takes place if the parameter mismatch is more
between converter modules.

This paper proposes a new current-sharing scheme in which con-
verter output is controlled by correct selection of transistor switch
current i(f). The transistor switch current depends on control
input signal i (f) which is the difference between reference
voltage and output voltage of converter module. The duty cycle
of transistor is not directly controlled. Instead the regulation of con-
verter output depends on input and output voltages and inductor
currents. Such mode of regulating converter output is referred to
as current programming mode.

Section 2 presents modelling of boost converter via algebraic ap-
proach. Section 3 presents stability analysis of the proposed system.
Current programmed controller model of boost converter is given in
Section 4. Block diagram description and current-sharing scheme of
the proposed system is presented in Section 5. Design of voltage
compensator is presented in Section 6. Section 7 gives the simulation
and experimental results. The conclusion is discussed in Section 8.

2 Simple model of boost converter via algebraic approach

The circuit diagram of boost converter operating in continuous con-
duction mode is shown in Fig. 1. The small signal averaged equa-
tion for boost converter under duty cycle control is given as [18]
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Fig. 1 Circuit diagram of boost converter
Applying Laplace for (1)—(3)
SLi,(s) = Vg(s) — D'vo(s) + d (s)V(s) )
SCi(s) = D'1,(s) — I, d(s) — Q )

?g(S) = Di,(s) + Ei(s)( (s )) D <A ) + @) ©

Assuming ?L(s) to be equal to the control input signal current ?C(s),
(4) and (6) can be rewritten as

—D'o(s) +d (5)V(5) (7)

(c<>+@) ®)

SLic(s) = D,(s)
p ( )
Io(s) = Di L(8) + d(s)

From (7)

SLic(s) — D(s) + D'V (s)

d(s)= o ©)

Substituting d (s)in (5)

SCi(s) = D'i(s) — %
SLi(s) — ¥,(s) + D'V.(s
1 c(8) — Vy(s) (8) (10)
V(s)
For boost converter output voltage
1
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Fig. 2 Two port equivalent circuit of boost converter
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Substitution of (12) in (10) gives

SCi(s) = DzC( s) — Q
Vg SLZC(S) — f/g(s) + D' (s)
DR [ V(s) (13)

1 1 . 1
] 20 5] a9

SCH(s) = ic(s) [D’ — gie } — B(s) [1—3

Similarly substitution of (9) and (12) in (8) gives

(14a)

iy(s) = 2C(s)[1 - S—L] +Vg—(s)

R R

From (14) and (14a), the two port equivalent circuit used to model
the current programmed boost converter is obtained and is shown in
Fig. 2.

In Fig. 2 by making ,(s) = 0, the control to output transfer func-
tion is expressed as

, SL 1
Gy()=D (1 - D’2R> |:R parallel R parallel E] (15)

Simplifying (15) results in

DR (1 - (SL/D"R))

) =5 T ®es)2)

(16)
Similarly by making i-(s) = 0, the line to output transfer function

Gyg (s) = [R parallel R parallel —] (17)

1
DR
Simplifying (17) gives

1 1

9. =30 T+ (®CS)2) (18)

Equations (16) and (18) give the transfer function of boost converter
by assuming an inductor current equal to the control current (ie)
?L(s) = ?C(s). Two port equivalent circuits to model parallel con-
nected current programmed boost converter are shown in Fig. 3.

Equations (16) and (18) show that controlling converter output
using indirect adjustment of duty ratio reduces number of poles
of line to output transfer function and control to output transfer
function. Minimising number of poles makes designing the control-
ler easier. Figs. 3a and b show line to output frequency response of
boost converter for direct duty ratio control and indirect duty ratio
control, respectively.

1) 3

h-4]

This is an open access article published by the IET under the Creative Commons
Attribution-NonCommercial-NoDerivs License (http:/creativecommons.org/

licenses/by-nc-nd/3.0/)



Magnitude (dB)

Phase (deg)

Frequency (rad/s)
a

Bode Diagram

Magnitude (d8)

Phase (deg)

90 L
10 100 10 10
Frequency (rad/s)

Fig. 3 Two port equivalent circuit of parallel connected boost converter
a Line to output frequency response of boost converter using duty cycle
control

b Line to output frequency response of boost converter using current
programming mode control

3 Stability analysis

The proposed current programmed controller results in unstable op-
eration for duty cycle (d)>0.5. To maintain stability for d > 0.5,
an artificial ramp is added to the transistor switch current. This
section analyses the stability of boost converter for d > 0.5 and
< 0.5. Fig. 4 shows that during the first sub-interval, current ?L(t)
increases with slope m, until it reaches the control signal ?C(t)

i, (dT,) = i,(t) = i,(0) + m,dT, (19)
Hence duty cycle

_ 0~ i,0)

d
m T

(20)
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Fig. 4 Steady state and perturbed inductor current waveforms

Similarly during second sub-interval
i, (T,) = i,(0) + mdT, — myd'T, 1)

Under steady state i, (7,) = i;(0), d = D, m; = M, and m, = M,.
So that M, DT, — MyD'T,

M, D
-1 _ = (22)
M, D

Applying perturbation to initial current i; (0), an expanded view of
steady state and perturbed inductor current waveforms near the peak

of i;(¢) is shown in Fig. 4.
From Fig. 4

1,(0) = —m,dT, (23)

ip(T,) = mydT, (24)

Eliminating d from (30)

2L(Ts) =1,(0) (_ %) @9

1
~ A D
i (T,) = 1.(0) (— 5) (26)
The above expression gives inductor current for the first switching
period. For the second switching period

D

wer) =i(r)(- ) @)

Substituting (26) into (27)

. . D\’
i,(2T,) = i,(0) <— ﬁ> (28)
For n switching period
o) o) D
wer) =i - 1)(~5) 9)
A A D\"
i(2T,) = 1,(0) (— 5) (30)

Above equation indicates that perturbation increases with increase
in —(D/D’) and decreases with decrease in —(D/D").
Assuming D > 0.5

D 07
- = =233
D03 33

It indicates that perturbation in inductor current increases by a factor
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Fig. 5 Unstable oscillation for d > 0.5

of —2.33 for every switching period and is shown in Fig. 5. It results
in unstable operation.

Assuming D < 0.5, —(D/D') = —(0.4/0.6) = —0.6. It indicates
that perturbation in inductor current decreases by a factor of —0.6
for every switching period and is shown in Fig. 6. It results in
stable operation.

To maintain stability for D > 0.5, an artificial ramp (m,) is added
to the transistor switch current and is shown in Fig. 6a.

From Fig. 6a

1,(0) = —dT,(m, + m,) (31)
and
i,(T,) = —dT(m, — my) (32)

Eliminating d from (31) and (32)

(T = ?L<o>(— u) (33)

m; +m,

Above equation gives perturbed inductor current for the first switch-
ing period.
For the nth switching period

i,(nT,) =i, ((n — 1)TS)(— %) (34)
i, (nTy) = ?L(O)(— %) (35)
i,(nT,) = 1,(0)(@)" (36)

| (—55) 7(0)
I I |
L 27, 3T, aT,

1 dTL
-

|
0 (D=d) T. T: T

Fig. 6 Stable transient for d < 0.5
a Inductor current waveform of boost converter with artificial ramp (m,)
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where

m, Fm, 37

If the value of « increases, perturbation increases and perturb-
ation decreases with decrease in value of «. Thus, to maintain
stability choose the value of m, in such a way that « is <I.
Choose the value of m, to be equal to m, or half of the value
of m,.

If m, = m,, =0, hencei,(T,) =0 for any value of 7, (0). As
aresult any error present in system gets removed after one switching
period. This process is referred to as dead beat control.

For the proposed system choose m, = m,. For boost converter

b—b
my = my =— g
12048
"= 1006 — 6

m, =17.2e5

This is the magnitude of artificial ramp that is added to the
transistor switch current of boost converters 1 and 2 to enhance
stability.

4 Current programmed controller model of boost converter

This section explains the current controller model of boost convert-
er. The waveform of inductor current of boost converter 1 is shown
in Fig. 7.

From Fig. 7, the average inductor current of boost converter 1 can
be expressed as

<i ()>T, = <iy (0> T, —mdT,

myy Moa, 1,
—a (M) -a(M5E) o

<iy () > T, =<i, (1) > T, — m,d,T,
mygr, My,
- L) . 39

After perturbation and linearisation and eliminating higher-order

A

iy (¢} =~ -np
ic/L/
L

\

0 1 S L t

Fig. 7 Inductor current waveform
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Fig. 8 Proposed block diagram with new current-sharing scheme

terms, the simplified form of above expression is written as

. . T,
iy, (1) =i, (1) = M,T, d, () — (2D1 0

D} Lt (40)

. A \ T,
My (1) = e, (0 = Iy, (0 = 5 (2Dy = 1)y (1)

) T,

D 5 =i, (2) 41
~ 1 A T m 2 Is
d\(t) = MT, [zcl(t) zL - —(2D1 — 1) (t) — D™ (t)]

(42)
The change in slope for boost converter is
W -
ml:f’ and m, = 7 £
Therefore, equation becomes
~ 1 [x T, W T, V=9,
d () = T [zcl @) — zL t) — (2D1 - 1) - D} > Tg]
(43)

d,(t) = [ (t) =1y, (0) — Hy b, — H, (9 — 9g)] (44)

where ” H, =1/M,T)), = (T, /2L1)(2D1 - 1) and
H, = D1 (T, /2L ) are loop gains of boost converter 1. Equation

vy

(26) gives duty ratio for boost converter 1.
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Fig. 9 Open-loop response of boost converter

Similarly for boost converter 2

22 L
(45)

|:Cz(t) i, — —(2D2 — )i () — D22 LY g}

a’s

&) =H, [iC2 (6) =iy, (6) — Hy b, — H, (b — ag)] (46)
where H,=(1/M,T), = (TS/ZLZ)(ZD2 - 1) and H, =
D2 (T,/2L,) are loop gains of boost converter 2.

On the basis of (45) and (46), the duty ratio of boost converter 1
and 2 gets adjusted for controlling load current and to share the load
current equally between two parallel connected boost converters.

5 Block diagram description and control scheme

The block diagram of parallel connected boost converters is shown
in Fig. 8. Once input voltage v, is applied, transistor O, and Q, con-
ducts, minimum current flows through the circuit. If the minimum
current is positive, diodes D, and D, become forward biased and
the converter modules operate in continuous conduction mode.
The output current flows through boost converter modules 1 and
2 are i, and i, , respectively. Control of output currents 7, and
i,, depends on proper selection of transistor switch currents i
and i, of modules 1 and 2, respectively. The control input signal
i, is generated based on the difference between output voltage v,
and the reference voltage (v,¢). The difference between i, and re-
spective transistor switch currents, together with converter gains
adjust the duty ratio of converter modules. This results in perfect
current sharing [19-23] between converter modules even if para-
meters of converter modules are different.

6 Design of controllers
6.1 Type IIl compensators

Generally compensator acts as a controller. Type III compensator
improves transient and steady-state response. In this paper, Type
III compensator is used to design voltage controller.

From open-loop response of boost converter, Type III voltage
compensator is designed. Fig. 9 gives the open-loop response of
boost converter. The designed voltage compensator from open-loop
response of boost converter is shown in Table 1.

Table 1 Voltage compensator

Compensator Transfer function of voltage compensator

58le— 75 +1.79¢ — 3s + 1
58le—7s2+157e—3s+1

Type 111
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Fig. 10 Current sharing among each boost converter module L; = 100 uH and L, = 110 uH with direct duty ratio adjustment

a Output voltage
b Output current
¢ Output current of boost converter 1
d Output current of boost converter 2

7  Results and discussion

This section presents the simulation and experimental results of
IPOP connected boost converters. The specifications of boost con-
verter are given as follows: (i) the input dc voltage of 44-52 V; (ii)
output voltage of 120 V, regulated by closed-loop controller; and
(iii) maximum output current of 10 A.

The component values for power stage are designed as follows:
capacitances C; and C, are equal to 33 uF; input-filter inductances
of L; and L, are same at 100 uH; and duty ratios d; and d, are
between 0.3 and 0.9. The switching frequencies for individual con-
verter modules are 100 kHz.

7.1  Simulation results

The parallel connected boost converter is simulated in MATLAB in
which the output voltage is controlled by Type III compensator and
the output current is regulated by current programmed controller.

Fig. 10 shows the simulation results of IPOP connected boost
converter which is controlled by direct choice of duty ratio. It
uses a dedicated current-sharing controller (Type III compensator).
The line disturbance is given at £=0.005 s from 48 to 44 V and
from 44 to 48 V at t = 0.006s.The load disturbance is given at
t=0.007s from R = 12 to 10 ). Fig. 10a shows that response of
output voltage has an overshoot of 165 V and settles at 0.0018 s.
The response acts well for line and load disturbances. The output
voltage is 120 V.

Fig. 105 shows that the overshoot of output-current response is at
13.75V and settles at 0.0018 s. The output current is 10 A.
Figs. 10c and d show that output current 1 and output current 2
of boost converter has an overshoot of 6.8728 V and settles at
0.0018 s. Fig. 10 indicates that the start-up transient is more and
takes time to settle.

Fig. 11 shows the simulation results of IPOP connected boost
converter with current programmed controller without proper
choosing of loop gain H,, (7.2e5). The line disturbance from 48
to 44V is given at time # = 0.005s and from 44 to 48V at
t =0.006s. The load disturbance is given at ¢ = 0.007s from
R =12 to 10€). The response indicates that the line disturbance
is not rejected because of wrong selection of loop gain H,,.
Fig. 11 shows that start-up transient is reduced because of using
current programmed controller. In addition, the response settles
faster. Figs. 11c¢ and d show that the output current of boost convert-
er 1 and boost converter 2 shares equally even if L; =100 uH and
L,=110 pH. Hence, the proposed current programmed controller
regulates load current and shares the output current equally
between parallel connected boost converter modules.

Fig. 12 shows the simulation results of IPOP connected boost
converter with current programmed controller with proper selection
of loop gain H,, (1/7.2e5). The line disturbance is given at time
t =0.005s from 48 to 44 V and from 44 to 48 V at t = 0.006s.
The load disturbance is given at = 0.007s from R =12 to
10Q. Fig. 12a indicates that the line disturbance is rejected
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Fig. 11 Current sharing among each boost converter module using current programmed controller with loop gain H,, = 7.2e5 and with L; = 100 uH and

L,=110uH

a Output voltage

b Output current

¢ Output current of boost converter 1
d Output current of boost converter 2
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Fig. 12 Current sharing among each boost converter module using current programmed controller with loop gain H, = 1/7.2e5 and with

C; =33 uF and C, = 40 uF

a Output voltage

b Output current

¢ Output current of boost converter 1
d Output current of boost converter 2

because of correct selection of loop gain H,,. Fig. 12 shows that the
response settles faster and reduces start-up transient. Figs. 12¢ and d
indicate that the output current of boost converter 1 and boost con-
verter 2 shares equally even if C;; = 33 wF and C, = 40 pF.

From Fig. 12, it is inferred that the current programmed controller
works well than direct duty ratio adjustment. It reduces start-up
transient and makes response settle faster. Also, it rejects line dis-
turbance because of proper selection of loop gain H,,. The loop
gain H,, depends on magnitude of artificial ramp m, added to tran-
sistor switch current i (7).

7.2 Experimental results

An experimental setup consisting of IPOP connected boost
converter modules as shown in Fig. 8 has been built to validate

the proposed current-sharing scheme with current programmed
controller.

The specifications of components used are capacitances
C,=C,=33pF and inductances L, =L,=100nH and L, =30p.F,
duty ratio of converter modules are 0.7, input voltage is 4448 V
and output voltage is 120 V. The switching frequencies of parallel
connected boost converters are 100 kHz.

Figs. 13a—d show the waveform of input voltage and output
voltage, output current, output currents 1 and 2 of IPOP connected
boost converters with same parameters in module 1 and module
2. Figs. 13b and c indicate that the performance of output voltage
and current is good. Fig. 13d shows that output currents 1 and 2
share equally between converter modules 1 and 2, respectively.

To prove that current programmed controller share output current
equally between IPOP connected boost converters with different

E ")
i - T
»
b Input voltage=48V Qutput current =104
Chi=10Vidiv Chi=10Vidiv
a b
............................................ g T
reniooo Output current i oo
S C Outputcurrént2 -
Q - Cutput voltage=120V =
hi=20Vidi Chi=10Vidiv, Ch2=10Vidiv
Chi=20Vidiv & d

Fig. 13 Output waveforms of IPOP connected modules with same parameters

a Input-voltage waveform

b Output-voltage waveform

¢ Output-current waveform

d Individual output currents of two modules
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Fig. 14 Output waveforms with L; = 100 wH and L, = 110 wH and loop gain H,, = 7.2e5 for change in line and load disturbances
a Input-voltage and output-voltage waveform

b Output-current waveform

¢ Individual output currents of two modules

circuit parameters, choose L; = 100 and L, = 110 pH. In addition, even with step change from 48 to 50 V and for load change from
choose loop gain H,, = 7.2e5. Fig. 14 shows waveform at full load R=12 to 10Q well sharing of output current takes place.
of 10 A with L; =100 and L, = 110 wH. Fig. 14c¢ indicates that Fig. 14a indicates due to incorrect choice of loop gain
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Fig. 15 Output waveforms with C; = 33 uF and C, = 40 wF and loop gain H,, = 1/7.2e5 for change in line and load disturbances
a Input-voltage and output-voltage waveform

b Output-current waveform

¢ Individual output currents of two modules
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H, = 7.2e5, the line disturbance is not rejected. Fig. 14 indicates
that the proposed IPOP connected boost converter with current pro-
grammed controller has very good closed-loop performance.

Fig. 15 shows experimental waveform of IPOP connected boost
converter with C; =33 and C,=40pF and loop gain
H, =1/ 7.2e5. Fig. 15a indicates that even with line disturbance
from 48 to 44 V, the output-voltage waveform does not have any
effect on line disturbance. The line disturbance is totally rejected
because of correct choice of loop gain H,, =1/ 7.2e5. This
proves the effectiveness of the proposed system with current pro-
grammed controller. Fig. 15¢ shows that even for load disturbance
from R =12 to 154, good sharing of load current takes place.
Fig. 15 indicates that even with changes in circuit parameters
good current sharing takes place and the proposed system has
good closed-loop performance.

8 Conclusion

In this paper, a new controller known as current programmed con-
troller was used to regulate load current and to share current equally
between parallel connected boost converters. On the basis of mod-
elling of current programmed controller it has been shown that good
current sharing can be achieved and stability can be improved. With
difference in parameters of converter modules, it is showed that
good current sharing takes place between parallel connected boost
converter modules. Stability of the proposed system is examined
by perfect selection of loop gain H,, which depends on artificial
ramp. The proposed system is verified through simulation and
experimental results.
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