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Abstract—Pulse power loads are becoming increasingly more
common in many applications primarily due to applications like
radar, lasers and the technologies such as EMALS (Electro-
Magnetic Aircraft Launch Systems) on next generation aircraft
carriers. Pulse power loads are notorious for causing stability
issues. Stability for pulse power loads can be defined to be
metastable, where the system can be unstable for a portion of the
pulse as long as the stability is re-established over the entire pulse.
Dynamic characteristics for step changes in load can be improved
with a modified boost converter topology in conjunction with
bang-bang control. Improvement in the metastability margins will
be presented through simulations with the application of the
modified topology to pulse power loads.

Index Terms—Coupled inductors, nonlinear inductor model,
pulse load, constant power, stability.

I. INTRODUCTION

Pulse power loads like radars and lasers are applied in a

wide range of use cases. Niche applications like EMALS are

also gaining traction. Pulse power loads cause a lot of stability

issues in the systems they are deployed in [1], [2], [3]. Stability

for pulsed power loads can be defined as metastable as bus

voltage oscillations may grow during a period of instability

but dampen during a period of stability and keep the voltage

within bounds. According to the Hamiltonian Surface Shaping

Power Flow Control (HSSPFC) method in [4], stability can be

determined from the time derivative of the Hamiltonian. If the

energy being generated and being dissipated are equal over a

certain time period, a limit cycle is said to have occurred. The

length of the limit cycle may not be the same as the switching

period of the pulse power load. If the energy generated is more

than the energy dissipated over the cycle period, the states

will grow unbounded, and the system is unstable. Similarly,

if the energy dissipated is greater than the energy generated,

the state trajectories will decay, and the system is stable.

Metastability margins can be mapped over a wide range of

power levels and time periods with the maximum pulse duty

cycle for which the system is stable marking the stability

margin [5], [6]. In previous research, a linear inductor boost

converter with constant duty cycle control is used to map

the metastability margins [5]. This poses a question – Is an

increase in metastability margins possible with a different

control strategy and topology? This paper attempts to answer

this question.

The objective of this paper is to map, compare and im-

prove the metastability margins for two converter topologies.

Fig. 1. Boost converter with a linear inductor with a pulsed power load

This paper will first present the converter topology used

in previous research to map the metastability margins for

pulse power loads. Then dual winding magnetic topology

will be applied. Simulations will be presented to compare

the response between the new and old topologies. Finally,

metastabilty margins will be mapped and compared over a

range of parameters of the pulse power load for new and old

topologies.

II. CONVERTER MODEL

A linear inductor boost converter topology seen in Figure 1

is used to map the metastability margins in previous research.

The average mode model is used to express the duty cycle

control for the simulations. The model for this converter is

L
diL

dt
= Vs − iLRL − (1− d1)vc (1)

C
dvc

dt
= (1− d1)iL −

vc

Rc

−
P (t)

vc
(2)

where, L is the inductance, RL is the inductor’s parasitic

resistance, iL is the inductor current, vc is the output voltage,

Vs is the input voltage, Rc is the stabilizing resistor, d1 is

the duty cycle of the switch ’q1’, and P (t) denotes the pulsed

power. In Figure 2, P is the power level, Tp is the time period

of the pulse and Dp is the duty cycle of the pulse.

III. PROPOSED SOLUTION

Pulse power loads are a series of step changes in load. If

the converter’s dynamic characteristics can be improved for

step changes in load, an attempt can be made to improve
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Fig. 2. Pulsed power loads

Fig. 3. Boost converter with a coupled inductor and a bleed off resistor with
a pulsed power load

Fig. 4. Coupled inductor

the metastability margins with the new topology and control

technique.

Dynamic characteristics for step changes in load can be im-

proved with the Coupled Inductor Bleed-off Resistor topology

i.e. the CIBR topology [7], [8].

Transition times between steady states are minimized with

bang-bang control and can be further improved with a nonlin-

ear saturating inductor model [9], [10]. Transition times are

improved with a coupled inductor for step increase in loads

and are improved with a bleed-off resistor for step decrease

in loads [8]. The CIBR topology can be seen in Figure 3. The

model for the coupled inductor can be seen in Figure 4.

Assuming that all flux created by each of the coils con-

tributes towards saturating the inductor core, no leakage and

nonlinear anhysteretic behavior [10], [11], the coupled induc-

tor core in Figure 4 is analyzed. The equations that describe

the core can be given as [8]

λ11

N1

+
λ22

N2

= Ac a arctan

(

b

(

N1 i1

lc
+

N2 i2

lc

))

(3)

λ11

N1

−
λ22

N2

= Ac a arctan

(

b

(

N1 i1

lc
−

N2 i2

lc

))

(4)

dλ11

dt
=

N2 VL1
− k N1 VL2

(1− k2)N2

(5)

dλ22

dt
=

N1 VL2
− k N2 VL1

(1− k2)N1

(6)

where, λ11 and λ22 are the self flux linkages, coefficient of

coupling is denoted by k, λ1 and λ2 are the flux linkages, a and

b are material dependent constants, Ac is the cross sectional

area of the inductor core, lc is the effective magnetic path

length of the inductor core, and N1 and N2 are the turns in

the inductor coils.

Analyzing the converter shown in Figure 3 and applying

Equations (3) through (6) results in the model for the new

topology, which is given as [8]

VL1
= Vs − i1RL1

− (1− d1)vc (7)

i2 = q2

(

Vs − VL2

RL2

)

(8)

C
dvc

dt
= (1− d1)i1 − q3

(

vc

Rbo

)

−
vc

Rc

−
P (t)

vc
(9)
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(

b
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lc
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N2 i2

lc
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(10)

λ11
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λ22

N2

= Ac a arctan

(

b

(

N1 i1

lc
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N2 i2

lc

))

(11)

dλ11

dt
=

N2 VL1
− k N1 VL2

(1− k2)N2

(12)

dλ22

dt
=

N1 VL2
− k N2 VL1

(1− k2)N1

. (13)

where, Rc is the stabilizing resistor, d1 is the duty cycle of

the ’q1’ switch, and P (t) denotes the pulsed power. This

mathematical model is used when ’q2’ is ON. When ’q2’ is

OFF, the coupled inductor behaves like a typical nonlinear

saturating inductor. This model is expressed as [8]

dλ1

dt
= Vs − i1RL1

− (1− d1)vc (14)

C
dvc

dt
= (1− d1)i1 − q3

(

vc

Rbo

)

−
vc

Rc

−
P (t)

vc
(15)

λ1

N1

= Ac a arctan

(

b
N1 i1

lc

)

. (16)

Flux in an inductor core cannot change instantaneously, when

‘q2’ switches from ON to OFF, all flux in the core can only

interact with the first coil causing a jump in i1. Assuming a

lossless transfer of energy, i1 after the jump is calculated as

[8]

i1 =
lc

b N1

tan

(

1

Ac a

(

λ11

N1

+
λ22

N2

))

. (17)



TABLE I
INDUCTOR CORE PARAMETERS FOR T650-52

Parameter Value

Ac 0.00184m2

lc 0.399m

a 1.0237875

b 0.0002189

The number of turns in each coil are calculated from their

nominal inductances and inductor core parameters as

N =

√

Lnominal lc

a b A2
c

. (18)

The inductor core is modeled after the T650-52 part from the

Micrometals’ catalogue [12]. These parameters are presented

in Table I.

A. Transition process for a CIBR boost converter for a step

increase in load

Based on the transition process as described in [8], the

transition process is divided into three phases. The first phase

begins before the load change. In this phase, ‘q2’ is ON and

‘q1’ operates at a high duty cycle (89%). The objective of this

phase is to make the currents in both coils equal. To find the

time interval for this phase, the system is simulated in forward

time with appropriate switch states until either i2 is equal to

the initial value of i1, or vc breaches the threshold of a voltage

drop 2% beyond the nominal ripple.

ti =

{

ti1=i2 if vcf ≥ vcthreshold

tvc if vcf < vcthreshold
(19)

where, ti is the initialization time, ti1=i2 is the time at which

both currents are equal, tvc is the time at which vc breaches

vcthreshold, vcf is the value of vc at ti1=i2, and vcthreshold
is the value of the threshold voltage. In the second phase,

both coils are ON, and in phase three, both coils are OFF.

The time intervals for these phases are found by minimizing

a cost function given as [8]

min J(tf , tr) =(vc(tf )− vc(tr))
2

+w

(

λ11(tf )

N1

+
λ22(tf )

N2

−
λ1(tr)

N1

)2 (20)

where, J is the cost function, tf and tr are the forward and

reverse times respectively, vc(tf ), λ11(tf ), λ22(tf ) represent

the forward trajectories, vc(tr), λ1(tr) represent the reverse

trajectories, and w is the weight for flux trajectories. To focus

on just the transition process, the power load and stabilizing

resistor are replaced by just one load resistor, and the step

change in load is expressed as

Rload =

{

Rload,1 t < tt

Rload,2 otherwise
(21)

where, tt is the time at which the transition takes place.

The parameters used for simulating the transition process are

TABLE II
PARAMETERS FOR SIMULATING A STEP INCREASE IN LOAD FOR A CIBR

BOOST CONVERTER

Parameter Value

Vs 200 V

RL1
1 mΩ

RL2
1 mΩ

L1,nominal 1 mH

N1 32

L2,nominal 1 mH

N2 32

C 1 mF

Rbo 8 Ω

Rload,1 32 Ω

Rload,2 8 Ω

tt 0.001 s

fsw,q1 10 kHz

vc,ref 400 V

TABLE III
PERFORMANCE METRICS FROM THE SIMULATION OF A STEP INCREASE IN

LOAD FOR A CIBR BOOST CONVERTER

Performance metric Value

Transition time 247.9 µs

Peak i1 237.9 A

Minimum vc 391 V

Fig. 5. i1 in CIBR boost converter for a step increase in load

shown in Table II. The plots for the simulation results can be

seen in Figure 5 which shows i1 and Figure 6 which shows

vc. Important performance metrics logged in the simulation

are given in Table III.

B. Transition process for a CIBR boost converter for a step

decrease in load

Based on the transition process as described in [8], the

transition process is divided into two phases. For the first phase

of the transition process, ‘q3’ is ON and ’q1’ is OFF. In the

second phase of the transition process, both ’q1’ and ’q3’ are

OFF. After the transition, the converter reverts to duty cycle

control.

The time intervals for the two phases can be found by

minimizing a cost function given as [8]

min J(tf , tr) = (vc(tf )− vc(tr))
2 + (i1(tf )− i1(tr))

2 (22)



Fig. 6. vc in CIBR boost converter for a step increase in load

TABLE IV
PARAMETERS FOR SIMULATING A STEP DECREASE IN LOAD FOR A CIBR

BOOST CONVERTER

Parameter Value

Vs 200 V

RL1
1 mΩ

RL2
1 mΩ

L1,nominal 1 mH

N1 32

L2,nominal 1 mH

N2 32

Rbo 8 Ω

C 1 mF

Rload,1 8 Ω

Rload,2 32 Ω

tt 0.0005 s

fsw,q1 10 kHz

vc,ref 400 V

TABLE V
PERFORMANCE METRICS FROM THE SIMULATION OF A STEP DECREASE IN

LOAD FOR A CIBR BOOST CONVERTER

Performance metric Value

Transition time 191.7 µs

Minimum i1 N/A

Peak vc N/A

where, vc(tf ) and i1(tf ) represent the forward time trajecto-

ries, and vc(tr) and i1(tr) represent the reverse time trajec-

tories. An important factor to be noted is that the bleed off

resistor needs to have such a value that when aggregated with

the new load, they need to be larger than the load the converter

is transitioning from. The parameters used for simulating the

transition process are shown in Table IV. The plots for the

results of the simulation of the transition process can be seen

in Figure 7 which shows i1 and Figure 8 which shows vc.

Important performance metrics logged in the simulation are

given in Table V. As the current follows a direct trajectory

between steady states and the voltage deviation is within the

steady state ripple, the performance metrics of minimum i1
and peak vc are not applicable in Table V.

Fig. 7. i1 in CIBR boost converter for a step decrease in load

Fig. 8. vc in CIBR boost converter for a step decrease in load

IV. SYSTEM BEHAVIOR AND METASTABILITY MAPS

This section shows the stability maps for a boost converter

with a linear inductor model and a CIBR boost converter

when connected to a pulsed power load. The first subsection

demonstrates through simulations the behavior of a boost

converter with a linear inductor model with duty cycle control

when the system is stable and when it is unstable. The second

subsection demonstrates through simulations the behavior of a

CIBR boost converter with bang-bang control when the system

is stable and when it is unstable. The third and final subsection

compares the stability maps obtained using both topologies.

A. Stability map for a boost converter with a linear inductor

The parameter values used for conducting the simulations

to demonstrate the system’s behavior and to map the stability

margins are listed in Table VI. In this paper, stability is

determined from the behavior of the system’s states. The boost

converter with a linear inductor model behaves in specific ways

with constant duty cycle control when the system is stable

and unstable. When the system is stable, the inductor current

and output voltage have consistent bounded oscillations. This

behavior can be seen in Figure 9 and Figure 10. When the

system is unstable, the oscillations in the inductor current keep

growing without bounds with each power pulse and the output

voltage collapses to zero after a rapid growth in the amplitude

of its oscillations. This behavior can be seen in Figure 11



TABLE VI
PARAMETERS FOR SIMULATING A BOOST CONVERTER WITH A LINEAR

INDUCTOR WITH A PULSED POWER LOAD

Parameter Value

Vs 200 V

RL 1 mΩ

L 1 mH

C 1 mF

Rc 50 Ω

vc,ref 400 V Ω

d1 0.5

Fig. 9. Inductor current for boost converter with a linear inductor with a
pulsed power load when system is stable (P = 6kW, Tp = 0.2s,Dp = 0.2)

Fig. 10. Output voltage for boost converter with a linear inductor with a
pulsed power load when system is stable (P = 6kW, Tp = 0.2s,Dp = 0.2)

and Figure 12. These simulations demonstrating stable and

unstable behavior have the pulse power level set at 6kW and

the pulse power time period set at 0.2s. The pulse power duty

cycle of 0.2 is stable and the pulse power duty cycle of 0.6 is

unstable. From this behavior, it can be concluded that whether

the system is unstable can be determined by surveilling the

output voltage. Thus, the system can be classified as unstable

by detecting a steady increase in the maximum amplitude

of its oscillation for five power pulses or by detecting the

output voltage collapsing to zero, whichever comes first. If

this criterion is not satisfied, the system is classified as stable.

The stability margins are mapped by detecting the maximum

duty cycle of the pulsed power for which the system is stable

over a range of power levels and time periods for the pulsed

power load. The stability map for the boost converter with

Fig. 11. Inductor current for boost converter with a linear inductor with a
pulsed power load when system is unstable (P = 6kW, Tp = 0.2s,Dp =

0.6)

Fig. 12. Output voltage for boost converter with a linear inductor with a pulsed
power load when system is unstable (P = 6kW, Tp = 0.2s,Dp = 0.6)

Fig. 13. Stability map for boost converter with a linear inductor with a pulsed
power load

a linear inductor model and constant duty cycle control can

be seen in Figure 13. The stability margins trend down as

power level increases for a certain time period. Also, there

are fluctuations in the margins with respect to the time period

for a constant power level.

B. Stability map for a CIBR boost converter

The parameter values used for conducting the simulations

to demonstrate the system’s behavior and to map the stability



TABLE VII
PARAMETERS FOR SIMULATING A CIBR BOOST CONVERTER WITH A

PULSED POWER LOAD

Parameter Value

Vs 200 V

RL1
1 mΩ

RL2
1 mΩ

L1,nominal 1 mH

N1 32

L2,nominal 1 mH

N2 32

C 1 mF

Rbo 16 Ω

Rc 50 Ω

vc,ref 400 V Ω

Fig. 14. Inductor current for CIBR boost converter with a pulsed power load
when system is stable (P = 6kW, Tp = 0.2s,Dp = 0.6)

margins are listed in Table VII. The CIBR boost converter in

conjunction with bang-bang control behaves in certain ways

when the system is stable and unstable. When the system is

stable, the inductor current and output voltage have bounded

oscillations and may have fluctuations in the maximum ampli-

tude for each power pulse for some sets of parameters. This

behavior can be seen in Figure 14 and Figure 15. When the

system is unstable, the oscillations in the inductor current keep

growing without bounds with each power pulse and so do the

oscillations in the output voltage. This behavior can be seen

in Figure 16 and Figure 17. These simulations demonstrating

stable and unstable behavior have the pulse power level set at

6kW and the pulse power time period set at 0.2s. For a CIBR

converter, the pulse power duty cycle of 0.6 is stable and the

pulse power duty cycle of 0.8 is unstable. From this behavior,

it can be concluded that whether the system is unstable can be

determined by surveilling the output voltage. Thus, the system

can be classified as unstable by detecting a steady increase

in the maximum amplitude of its oscillation for five power

pulses. If this criterion is not satisfied, the system is classified

as stable.

Similar to the process of mapping the stability margins seen

previously, the margins are mapped by detecting the maximum

duty cycle of the pulsed power for which the system is stable

over a range of power levels and time periods for the pulsed

power load. The stability map for the CIBR boost converter

Fig. 15. Output voltage for CIBR boost converter with a pulsed power load
when system is stable (P = 6kW, Tp = 0.2s,Dp = 0.6)

Fig. 16. Inductor current for CIBR boost converter with a pulsed power load
when system is unstable (P = 6kW, Tp = 0.2s,Dp = 0.8)

Fig. 17. Output voltage for CIBR boost converter with a pulsed power load
when system is unstable (P = 6kW, Tp = 0.2s,Dp = 0.8)

and bang-bang control can be seen in Figure 18. Even though

the results are quantitatively different when compared to the

previous map, qualitatively they are very similar. The stability

margins trend down as power level increases for a certain time

period, and there are fluctuations in the margins with respect

to the time period for a constant power level.

C. Comparison of the stability maps

The plot for the comparison of the stability maps for the

linear inductor boost converter and the CIBR boost converter



Fig. 18. Stability map for CIBR boost converter with a pulsed power load

can be seen in Figure 19. A slice of this comparison plot at

6kW can be seen in Figure 20. A plot that shows the ripples

in the stability margins in more detail can be seen in Figure

21. Figures 20 and 21 show that the boundary of the stability

margin has ripples that could determine the operational regions

for a system. If a certain load has a constant power level

and constant pulse duty cycle with varying time periods, the

system may not be stable at all operating points. The system

parameters determine when and how the system reacts to

the load and changes in the load, and the load parameters

determine when and how the load switches. Thus, if any

system parameter is changed, a change is expected in the

stability margin and the ripple seen in the stability margin.

The stability margins and the ripples in the boundaries of

the stability margins are different for three different nominal

inductance values for a CIBR boost converter connected to

a pulsed power load whose power level is at 5kW. Figure

22 shows that the stability margins and the ripples seen in

the stability margins change when any system parameter is

changed. As the nominal inductance increases, the width of

the ripple increases and the average stability decreases. Thus,

it can be confidently said that the ripple in the stability margin

boundary must be a result of the system parameters and

the parameters of the pulsed power, although a quantifiable

relationship is hard to derive due to the numerical nature of

the simulations.

Two thousand data points can be extracted if the stability

margins are inspected at 1kW intervals for P and 0.005s
intervals for Tp. For this sample size of two thousand data

points, the average increase in the stability margins due to

the CIBR topology and bang-bang control is 38%. This is a

substantial average improvement in the stability margins.

V. CONCLUSION

This paper presents a different topology and control strategy

to improve the metastability margins for pulse power loads.

The average increase in the metastability margin is substantial.

The disadvantage is the added hardware required for the

Fig. 19. Comparison of the stability maps
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Fig. 20. A slice of Figure 19 at 6kW
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Fig. 21. Zoomed in version of Figure 20

new topology. In conclusion, numerical simulations show that

the CIBR topology in conjunction with bang-bang control

improves the metastability margins for pulse power loads by

38%.
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Fig. 22. Stability margins for different nominal inductances for a CIBR boost
converter with a pulsed power load (P = 5kW )
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