International Journal of Computer and Electrical Engineering, Vol.2, No.6, December, 2010
1793-8163

Small Signal Modeling and Closed Loop Control
Design of ZVS Current-fed Half-Bridge L-L
Type Dc/Dc Converter with Active-Clamp

Akshay K. Rathore, Senior Member IACSIT, Ashoka K. S. Bhat, Fellow IEEE and Ramesh Oruganti,
Senior Member IEEE

Abstract—This paper presents the small signal model and
closed loop control design using average current control for an
L-L type active-clamped zero-voltage switching (ZVS)
current-fed isolated DC-DC converter. State-space averaging
technique is used to derive the small signal model. The
controller is designed for fixed-frequency duty cycle
modulation and works for wide input voltage and load variation.
A complete design procedure is presented. Frequency response
curves are obtained at different input voltage and load
conditions to verify the stability and design, and to evaluate the
performance of the controller. Simulation results for step
changes in load are given to check the transient response of the
converter.

Index Terms—Fuel cells, Small Signal Modeling, Closed
Loop Control, DC-DC Converter, Zero-voltage switching.

I. INTRODUCTION

A high-frequency (HF) transformer isolated DC-DC
converter is part of a fuel cell power conditioning system for
standalone or utility interface [1][2] used to boost low fuel
cell stack voltage (that can vary with fuel pressure [3]) higher
than the peak of the grid or rated load voltage. This stepped
up DC voltage is converted into line-frequency grid/load
compatible AC power supply using an inverter stage [1-2].
Soft-switching is necessary to operate the converter at higher
switching frequency to achieve small size, light weight and
low cost converter. Although an active-clamped DC-DC
current-fed converter and its analysis and design have been
recently published [2][4-5], this converter can not maintain
ZVS for wide variation in supply voltage and load variations.
Therefore, a modified L-L type active-clamped current-fed
ZVS DC-DC converter, shown in Fig. 1 has been proposed
for this application [6]. This converter always operates with
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the duty cycle of main switches greater than 50% and in
continuous current mode. The two main switches S, and S,
are controlled by gating signals phase-shifted by 180°.

Auxiliary switches S,; and S, are gated by signals
complementary to main switch gating signals. The two
inductors are identical but uncoupled to each other.

This front-end DC-DC converter should be controlled to
produce a constant voltage at the input of the inverter for all
fuel pressure values. This requires small signal modeling and
closed loop control design of this converter and they are not
yet reported in literature and therefore form the objectives of
this paper. The peak current control requires slope
compensation for stability and introduces error at high ripple
currents at light load and high input voltage. Therefore,
average current control of the two inductor currents is used in
this paper. In literature, the current control of a single
inductor and coupled inductor converter topologies are
presented [7-10]. The current control of two independent
(uncoupled) inductor topology was presented in [11] for
active-clamped ZVS two-inductor current-fed isolated
DC-DC converter. Detailed small signal analysis was
presented while taking into account the effect of auxiliary
clamp circuit [11] for ZVS. The series inductor current state
variable was discontinuous (assuming high magnetizing
inductance) and therefore, was omitted in the analysis. In the
L-L type active-clamped -current-fed isolated DC-DC
converter presented in this paper, the series and parallel
inductor carries continuous currents and add to the list of
state variables in small signal analysis. It has been concluded
in [11] that the effect of auxiliary clamp capacitor C, has
negligible effect on frequency response (changing the phase
margin by less than 2 degrees) but increases complexity in
calculation and closed loop control design and is therefore,
not considered as a state variable in the analysis, assuming
voltage across it (¥¢,) constant.
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Fig. 1. Active-clamped L-L type current-fed isolated DC-DC converter.

The layout of the paper is as follows: Section II presents
small signal analysis of the converter using state space
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averaging. Matrix form and transfer functions are derived.
Closed loop control design of two loop average current
control of the converter using 2 PI controllers is presented
with a converter example rated at 200 W in Section III. Bode
plots are drawn to verify the stability of two separate loops
with and without controllers. The converter with the designed
two-loop control system has been simulated in Section IV
using PSIM 6.0.1 under full-load and 10% load condition for
two extreme input voltage conditions and frequency response
curves for control-to-output are presented to verify the
stability and design of the complete closed loop system. Also,
the converter with designed controller has been simulated for
step-change in load to verify the design of the closed loop
control and to check the transient performance of the
converter. The results verify the stability and design of the
closed loop control system.

II. SMALL SIGNAL MODELING

In this Section, small signal model of the converter is
derived by averaging the state-space equations [12] for each
interval of operation. Following assumptions made are in the
analysis: 1) Inductors are identical, i.e., L; = L, = L. 2)
Charging and discharging intervals of the snubber capacitors
are very small and neglected. 3) Leakage inductance of the
transformer is part of L;. 4) Magnetizing inductance is a part
of parallel inductor L,. 5) Voltage v¢, across the auxiliary
capacitor C, is assumed constant. 6) All the components are
ideal and lossless. The operating waveforms with these
assumptions are given in Fig. 2. The converter undergoes
through 5 different intervals of operation in a HF half cycle as
shown in Fig. 3. For the next HF half cycle, the intervals are
repeated in the same sequence with other symmetrical
devices conducting to complete the full HF cycle.
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Fig: 2. Operating waveforms of the L-L type active clamped ZVS current-fed
isolated DC-to-DC converter (Fig. 1).

The specifications and design values of the converter (Fig.
1) for illustration are [6]: Input voltage V;, = 22 to 41 V,
output voltage V, = 350 V, output power P, = 200 W,
switching frequency f;= 100 kHz, L=L, =L, =352 yH, L, =
4uH,L,=1.6 mH, C,=1pF,C,=C,=0.6nF, C;; =Cp, =
1.4 nF, C, =1 pF HF (an electrolytic capacitor of 470 pF is
connected in parallel), turns ratio » = 4 (secondary to
primary).

Define: les =1-t,, dzTS = -1, d3TS =t3-1,, d4TS = ly-13, d5TS
= t5-1y, déTs = t¢-1s, d7Ts = ty-tg, dgTs = Ig-17, CZ’()Ts = to-13, leTs =
th't9~

The duty cycle of the main switches (including conduction
of the anti-parallel diode) are defined as

dsi=d\+dytdstdetdr+dgtdotd,

dy=d\+ dytds+dt+dstdgtdytd )
The turn-off durations of the main switches are
ds)'=1-ds; = dytds, ds'=1-ds = drtds (2)
The discharging durations of supply inductor are
ds)"=dstds, ds,”=dot+d (3)

Five state variables defined for the small signal modeling
of the converter are: 1) Currents through the boost inductors
ir; and iz,. 2) Transformer or series inductor current iz,. 3)
Parallel inductor current iz,. 4) Output voltage v,.

State equations are written for each interval of operation
based on the equivalent circuits shown in Fig. 3 and is
presented next.
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Fig. 3. Equivalent circuits during different intervals of operation of the
converter for the waveforms shown in Fig. 2.

Interval 1 (#) <t <t,): Both the main switches S| and S, are
ON. Inductors L; and L, are storing energy and power is
transferred to the load by the filter capacitor C,. Constant
current flows through the series tank inductor L, and parallel
inductor L,. The state equations for this interval are

diLl diL2 diLY din
L =v, L=L2 . p ZLs —og ] L0,
da " @ "M g Poar
d
Cp ===t @)
dt RL

Interval 2 [#; < ¢ < t,]: S} is turned off and the anti-parallel
body diode D, of auxiliary switch S, starts conducting. A
voltage (v;,+v¢, -v,/n) appears across the series inductor ;.
Output voltage v, appears across the parallel inductor L, and
current through it starts increasing. The rectified current
charges the output capacitor C, through rectifier diodes DR,
and DR, and power is transferred to the output. The state
equations for this interval are

dir; diLZ _ diLs Vo
L_dt ==VCq » L d[ = Vin ’Ls dt = Vin +VCa __n s
di, ,
D dv, irg v
=y . C Zo_1Ls__o 5
p 02 ~o dt n RL ( )

Interval 3 [#, < ¢t < t;]: Auxiliary switch S, is turned on
with ZVS. Currents i;, and i;, increase with the same slope.
At the end of this interval, auxiliary switch S,; is turned-off.
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The same equations of interval 2 hold good for this interval
too.

Interval 4 [£; <t < ;]: Anti-parallel diode D; of main switch
S| starts conducting. The current i;; decreases with a negative
slope of [V,/(nL,)] and i;, increases with the same slope.

digy _  dipp dipg _ vy dig, _
L =Vin,L =Vin > Ly == =V,
dt dt dt n P odt
C Do _ s _ Vo (6)

¢ dt n RL

Interval 5 ¢4 <t < t5]: Switch S; is turned ON with ZVS. At
the end of this interval, i;; reaches a constant value and
switch current is equal to i;;. The same equations of interval 4
hold good for this interval too.

Equations for the other half cycle can be written using
symmetry. State equations are averaged over a HF cycle to
model the converter and after simplification results (using (1)
to (3)) in the following equations:

L<%> - (dSI)'Vin —(l—d31)~ Vea (7)
L<%>=(dsz)"’m_(l—dsz)'VCa ®

di;, Vv % ” ”
Ls<i>:(VCa Vi —70)'(—5151 +dsz)—7a‘(ds1 —dsz) ©)

di
Lp< Lp>="o'(_ds1+ds2+d§1_d§2) (10)

dvc, irs . 2
o () =By |
t n rect,av L

where the average output rectified current is given by

i 5 . 1 . ” . ”
[L7—1ij :*[lu'(l—dm+dS1)+lL2'(1—dsz+dsz)]
rect,av

(1)

(12)
- T, ” ” ” ”
L [(—dg, +d5))- d§ + (1 —dg, +d5,) - d,]
P
Also, equating peak-to-peak current through L, and L,
following equations can be obtained:

v, , NV ”
[in +Vea =vo /m)/ L] (1=dgp) =—2—-d§) +—2-(1=d g +d5)) (13)
n-Lg Ly
v » n-v, ”
[(Vin+VCa_Vo/")/Ls]'(l_d52):ﬁ'd52+ L”-(l—dsz+dsz) (14)
s

Introducing perturbation around the steady state values
(represented by capital letters) for the state variables and
other quantities such that
gt =Ip+ip iy =Ip+igy, Vip =Vig +Vin s vo =Vo + 7,
dsi=D+dsi, dsy=D+dsy. dgy =D +dg ,
dSZ”ZD”J"L;SZ”a dl =D1 +L;'1 , dz =D2 +L;'2, d3 =D3 +aA73,
dy =Dy +(24, d5 =D; +625, dg = Dg +a;6s d7 =Dy +d’\7 s
d8 =D8 +dA8, d9 :D9 +dA9 5 le :DIO +d’\10
where D = duty cycle of the main switches =
D+DytDstDetDy+DytDotD1o= D1+DytD3+Dyt+DstDs
+Dg+Dig
D" = discharging duration of series inductor = D,+Ds5 =
Dy+Dy.

After introducing perturbation in (7)-(14), comparing AC
quantities, while neglecting the second order terms, then
taking Laplace transform and eliminating dASIN(s) and 352”(3)
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(using (13) and (14)) results in the following equations in
matrix form

()= A7) Bi(5) dgy () + A7 (5): By(5)-diy (5)+ A7 () B3 (5) 9,,(s)

(15)
where
A L 9o 0o o o
iri(s) sL
A 1
1 3 0 — 0 0 0
“ iLz(é) i R
X(8)=|ifs
cLS() A=l 0 0 Lo o
irp(s) SLg
D (s) o 0o o 1 o
st
as; as; 0 0 ass
Vin +Vca 0
0 Vin +Vea
a+1)-V, .
By(s) = —{V,-,,+Vca_%} By(s)= {VerVCa—M}
n
—(a+1)-V, (a+1)-,
_(K2+a'K3) —(K2+0~K3)
D
D (1-D+D"
» d5]1=a5) =———— >
B3(s)=| 0 sLn(Kj +2cK3)
0
2b-K3
1 Vo-Ty ., 1
ass=———————, K =-2-5.D +-L

 sCy+K|+2cK3 2L, n

T, ., , Vo T, n,o 1

Ky = L_is.D -(1-D+D")|» K3=-2"5.(1-D+2D")+ L
! R L 2L

L Lp P "

a=[ay/Lg=nVy/Lpl/[(ax)Vp], b=(1-D)/(Ls)(V,)(a2)],
c=(1=D+D")/V,, a1=Veq +Vin —Vo/n, ay =1/nLg)+n/L,

A. Control-to-output transfer function

From (15), the control-to-output transfer function is found
by setting v,, = 0. It results in the following equation
(1-D+D") (Vyy+Vew) _

3, (s) nL  (Ky+a-Ky)
dg (s)+dgy(s) 5-(sC,+ K, +2-¢-Ky)
Substituting the values of 200 W converter in (16) gives
D, () (3191.5) - (12663.62 — 5)
- ——= 17)
dgi(8)+dgy(s) s (s+7.84)

The bode plot of the control-to-output transfer function
given by (17) is shown in Fig. 4. The phase margin (PM) of
the uncompensated control-to-output transfer function is
negative and is equal to -30.2° that makes the system unstable
when small disturbances are introduced.

Ky +a Ky)-

(16)

III. CONTROLLER DESIGN

Fig. 5 shows the complete two-loop feedback control
system of the average current controlled DC-DC converter
using 2 PI controllers and 2 modulators having the same
values of frequency and amplitude but phase shifted by 180°.
The design of the two control loops are given separately.
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Fig. 4. Bode plot of control-to-output transfer function of uncontrolled
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Fig. 5. Two-loop closed loop current controlled system.

A. Design of current control loop

The inner current control loop is shown in Fig. 6. The
current controller design involves defining the current-loop
quantitatively and then designing the controller to achieve
certain design criteria of phase margin and bandwidth
[13-15]. First, control to inductor current transfer function is
derived. Then the PI controller design is presented. Only one
PI controller controls the I;; + I;5.

Tpl(s): {Ll(s) _ fTLz(S _ (Vll’l +VC0) (18)
dsi(s) dga(s) s-L
Tpl(s) = w (19)
Tei(s)
+ K +Kifs
[;LI(S)+;L2(S)]rcf
Hi(s) |«

Fig. 6. Current control loop with PI controller.

Equation (19) defines the small signal transfer function
between duty cycle and inductor current. Assuming an
efficiency n = 90%, the total average inductor currents /;; +
I;,=Py/(V;;m) =10.1 A. Selecting inductor current reference
(Unt) e = 10V, feedback gain H,(s)=10/10.1 = 1. The
open loop transfer function of current control loop results in
PM of 90°at cross over frequency of 99.43 krads/sec. A PI
controller is designed to meet the criteria of PM = 60° [13-15]
at crossover frequency f. = 15.92 kHz [15] to reduce the
steady state error and control the average inductors’ current.

A triangle wave is selected as modulating signal. The
frequency of the modulating signals is same as the switching
frequency (100 kHz). Here, T,(s) = T,u(s) = T,2(s). The
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maximum slope of the inductor current is V¢,/L. For
minimum input voltage of 22 V and D = 0.8, V, is equal to
88 V. In half of the triangle period (7}/2), the current ripple
reaches a value, equal to peak-to-peak value of the triangular
modulating signal and is given by

Voo T,

v —_Ca Zs .

m,p=p L 2 mf (20)

where K, is a multiplying factor and its value is 1V/A for the
hall effect current sensor used and here V,,,, = 1.257 V.
Giving some tolerance for noise etc., peak-to-peak value of
the triangle wave chosen is V,,, ., = 2.5 V. Then the modulator
transfer function 7,(s) = 1/ V,,,, = 0.4. Transfer function of
the PI controller is

K, _K,(s+K/K))

Te(s) =K, + == Q1)
S

S

Open loop transfer function of the current-loop is given by
Tor1(8) = 2.T(8). T(s)-Tpi(s)-Hi(s) (22)

The power stage transfer function 7),,(s) is given by (19).

Substituting the values in (22) gives

(23)

Ty (s) = (9943 1.8)[
S

Kp(s+Ki/Kp)J
2

The requirement is that the PM should be 60° at the gain
cross over frequency f, = 15.92 kHz or w, = 100 krad/sec,
where PM = 180° - phase angle of the loop. Therefore phase
angle of the current-loop Tz ((s) = 180°- PM = 120°.

(1)
£T,,(s) =180° —tan™! ¢
oL1(s) [Ki/Kp

J =120° (24)

We get K/K, = 57733.23. The time constant of the
integrator, s7 = K,/K; = 17.32 ps. The magnitude of the open
loop transfer function T (s) should be equal to 1 at the gain
cross over frequency f. = 15.92 kHz or o, = 100 krad/sec.
K,(s+K;/K,)

2
N

w. =1 (25)

¢

(99431.8)-

Using s=jwin (23), K, = 0.871. Fig. 7 shows the Bode plot
of the current control loop with PI controller. The phase
margin is 59.84° at cross over frequency of 101.7 krad/sec
and shows high gain at low frequencies.

Phase {deg), Magnitude (dB)

Frequency (radfsec) ———»=

Fig. 7. Bode plot of current control loop with controller.
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B. Design of voltage control loop

The voltage loop, shown in Fig. 8, generates the inductor
current reference (I, + I2),s for the inner current loop.
Transfer function between output voltage and sum of
inductors’ currents is

Ta(s)= Vo(s) 1 (1-D+D")

- — = (26)
iLl(S)+iL2(S) n (SCO +K1+2-C-K3)

Substituting the values of the converter parameters in (26)

Tf5) = ( 128.6

5+7.86) @7

Equation (27) defines the small signal transfer function
between output voltage and inductor current and is used as
power stage transfer function 7),(s) to design the voltage
loop. Fig. 9 shows the bode plot of voltage control loop
without PI controller. The phase margin is 90° for
frequencies above 1637.3 rad/sec. The low frequency gain is

very low.

Vorer (5) Inner

current loop

Hy(s) -
Fig. 8. Outer voltage control loop.

The bandwidth of the voltage loop is set at 100 Hz. The
low frequency gain needs to be increased while maintaining a
minimum PM of 60°. Open loop transfer function of voltage
control loop is

To1a(8) = Tc(s)- Tpa(s)-Ha(s) (28)

Selecting voltage reference V,,,, = 5 V, feedback gain
H,(s) =5/350 = 0.0143. Substituting the values in (28)
3.04K ,(s+K; /K ) 29)

s-(s+3.4737)

Tora(s)=

a0

Magnitude [dB)

-200

Phaze (ded)

Frequency (radfsec)

Fig. 9. Bode plot of voltage control loop without controller.

Following the same method described for inner current
loop design, the calculated values are K/K, = 377.53; K, =
177.17. The time constant of the integrator, sT'= K,/K; = 2.65
ms. Fig. 10 shows the Bode plot of the voltage control loop
with PI controller. The low frequency gain is boosted-up and
the PM is 59.21° at crossover frequency of 635.85 rad/sec.
The outer voltage control loop is stable and achieves required
PM at pre-set cross-over frequency.
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Fig. 10. Bode plot of voltage control loop with PI controller.

IV. FREQUENCY RESPONSE CURVES AND SIMULATION
RESULTS

The stability of the control system and the controller
design are verified by plotting the frequency response curves
of control-to-output transfer function by simulating the
converter with the designed controller using PSIM 6.0.1 for
input voltages of 22 and 41 V at full, half and 10% load
(sample plots are shown in Fig. 11 and 12).

It was observed that the PM for the given conditions is
between 58 to 71 degrees and therefore it can be concluded
that the closed loop control system is stable for the entire
given operating range of input voltage and from full load
down to light load. There is a slight difference in the
crossover frequencies but acceptable. The simulation was
done for a few discrete frequency points and the time scale
for simulation was 0.1 pus (to reduce the simulation time with
reasonably good accuracy) and may not be sufficient for
creating a smooth curve. This may be a possible reason.
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10.00 e
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-160.00
-170.00
10 20 40 60 80 100 200 400 600 800 1000
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Fig. 11. Frequency response curves of closed loop control system (control
to output) obtained from PSIM simulation for different load conditions at
input voltage of 22 V (a) Full load: PM = 60° and crossover frequency = 90
Hz, (b) 10% load: PM = 58° and crossover frequency = 90 Hz.
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Fig. 12. Frequency response curves of closed loop control system
(control to output) obtained from PSIM simulation for different load
conditions at input voltage of 41 V (a) Full load: PM = 68° and crossover
frequency = 168 Hz., (b) 10% load: PM = 76° and crossover frequency = 108
Hz.

Fuel cells are very sensitive to input current ripples. For
stable and continuous operation of the fuel cells and therefore
of the power converter, the average input current should be
controlled to be dc, which requires that bandwidths of
voltage and current loops are separated far apart with a slow
voltage loop and a fast current loop [16]. The drawback with
slow voltage loop is high ripple voltage, which is acceptable
for an inverter load [16]. Also, a difference in bandwidths of
voltage and current loops has been proposed [17-20] to
introduce time scale separation in their dynamics, which is
then utilized to make approximations to simplify the design
and discussed in [11]. Current-mode control is preferred for
fuel cell system [21].

Simulation results using PSIM 6.0.1 to check the transient
performance of the converter for step change in load when
driven by the designed closed loop controller are shown in
Figs. 13 and 14 for input voltage of 22 and 41 V, respectively.
Simulation results show that DC-DC converter output
voltage overshoot and undershoot are less than 1 V for step
change in load keeping the voltage constant at the
intermediate DC link or input of the next inverter stage.
Similarly the overshoot and undershoot in the inductor
currents is always less than 1 A from their next steady state
value for step change in load. Also, the fuel cell input current
does not show a sudden high overshoot but it changes
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smoothly to the next steady state value. The settling time is
around 20 ms. The sudden change in load causes a jump in
switch voltage and current during transient operation but
these values are within safe limiting values of the switches’
ratings due to the limiters and the converter continues its safe
operation.

Vo
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350.40

35020

350.00

349.80

20
485,00 500,00 505,00 510.00 515.00 520,00
Time (ms)

(a) v, = output voltage; i, = output current
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(b) i;, = input current; i, = inductor L, current; i;, = inductor L, current

Fig. 13. Simulation waveforms of two-loop average current controlled L-L
type active-clamped current-fed DC-DC converter with Vi, =22 V and step
load change from full load to halfload at t=0.5s.
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Fig. 14. Simulation waveforms of two-loop average current controlled L-L
type active-clamped current-fed DC-DC converter with input voltage Vi, =
41 V and step load change from half load to full load att=10.5s.

Small signal analysis and average current control of
standard two-inductor active-clamped current-fed converter
was presented in [11]. This topology [11] has discontinuous
series inductor current i;; (assuming high magnetizing
inductance or no parallel inductor) and therefore, was
omitted and simplified the analysis. But the series inductor
current at light load is not sufficient to discharge the snubbers
to maintain ZVS of main switches [11]. In the proposed L-L
type active-clamped current-fed isolated DC-DC converter,
the series and parallel inductor carries continuous currents
and add to the list of state variables in small signal analysis.
This increases the complexity of the analysis (size of matrix
in (15)) but the available current in series inductor aided by
parallel inductor, provides the energy to discharge the
snubber capacitors across the switches and maintains ZVS of
main switches at light load for the complete wide input
voltage range. This has been illustrated by simulation
waveforms in Figs. 15-16 at V;, = 41 for step load change
from full-load to half- load at t= 0.5 s.

Fig. 15 shows that L-L type active-clamped current-fed
converter maintains ZVS during the transient duration. It
exhibits ZVS in steady-state condition as well. On the
contrary, standard active-clamped —fed converter enters into
hard-switching region and main switches loose ZVS during
transients as well as in steady-state as shown in Fig. 16.
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Fig. 15.Simulation waveforms of two-loop average current controlled L-L
type active-clamped current-fed DC-DC converter at V;, = 41 for step load [5]
change from full-load to half- load at = 0.5 s.
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Fig. 16. Simulation waveforms of two-loop average current controlled
standard current-fed DC-DC converter at V;, =41 V for step load change
from full-load to half- load at 1= 0.5 s. [17]
1
V. CONCLUSION [18]
Small signal modeling and transfer functions of the L-L
type active-clamped current-fed isolated DC-DC converter [19]
are derived using state-space averaging. A complete
step-by-step closed-loop control design for average current
[20]

control has been presented. The two boost inductor currents

are controlled independently by controlling the total inductor
currents using one PI controller and two modulators. The two

modulating signals used for fixed frequency duty cycle

(21]

modulation have the same amplitude and frequency but
shifted in phase by 180°. The reference input for the current
control loop is generated by an outer voltage loop. Frequency
response curves have been presented. The converter with
designed controller is stable for wide operating conditions of
input voltage and load variations.
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