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Letters

A Simple Phase-Shift Modulation Using Parabolic Carrier for
Dual Active Bridge DC–DC Converter

Yunting Liu , Member, IEEE, Xiaorui Wang, Member, IEEE, Wei Qian , Ameer Janabi , Member, IEEE,
Bingsen Wang, Senior Member, IEEE, Xi Lu, Ke Zou , Chingchi Chen, and Fang Z. Peng, Fellow, IEEE

Abstract—The power transfer of a dual active bridge (DAB)
dc–dc converter is not linearly proportional to the phase shift
between the two active bridges. When the DAB converter controller
receives the power reference, the phase shift needs to be obtained
by either solving a quadratic equation online or looking up from a
table. The online calculation method is computationally inefficient.
The lookup table method has only limited operating points. In
addition, when using interpolation to find missing operating points
from the table, the control accuracy will be reduced. This letter
proposes a simple phase-shift modulation using a parabolic carrier.
The proposed method converts the power command into phase shift
by modulation. Therefore, the solving of the quadratic equation
can be eliminated. The Verilog results are provided to verify the
proposed parabolic carrier. A case study of DAB with sinusoidal
ripple current charging concept is provided to demonstrate the
advantage of the proposed method.

Index Terms—Digital control, dual active bridge (DAB),
parabolic carrier, PWM modulation.

I. INTRODUCTION

ADUAL active bridge (DAB) topology is shown in Fig. 1.
This topology is widely used in electric vehicle (EV)

on-board charger applications [1]. The DAB control algorithms
normally include at least one calculation of square root since the
power transfer of DAB is not linearly proportional to the phase
shift. The calculation of square root consumes many computing
resources in a digital signal processor (DSP) since it requires
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Fig. 1. Typical DAB with PWM-embedded DSP.

several iterations to achieve acceptable accuracy [2]. This makes
it difficult for current DSPs to calculate multiple square roots in
one switching cycle [3].

To reduce the computational burden of the DSP, lookup tables
(LUTs) and linear interpolation are often used instead of online
calculations. Small LUT can cause inaccurate control since
interpolation is a linear approximation, whereas large LUTs
consume a lot of DSP memory.

The one-cycle control (OCC) [4] introduces a nonlinear car-
rier concept to power converters. The OCC demonstrates a fast
response to dynamic changes. Based on the OCC, Zhang [5]
proposed a parabolic current control for voltage source inverter.
The authors in [4] and [5] focused on creating feedback control
with nonlinear carriers other than using the nonlinear carriers
to reduce computational burden. In most cases, they are using
an external high-speed high-precision DAC [6] or using an
architecture of analog amplifiers [7] to implement the nonlinear
carrier. The drawback of [6] is that a DAC with both high speed
and high precision is required to generate precise parabolic
carriers with minimized propagation delay. The DAC is replaced
with operational-amplifier-based integrators and summators as
the parabolic carrier generator in [7]. Additional analog switches
are required to reset the parabolic carriers. Since high precision
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Fig. 2. Comparator converts digital signal into analog signal.

of the parabolic carrier is required to ensure the control perfor-
mance, operational amplifiers with very small input offset cur-
rent are preferred. Furthermore, a precise voltage reference chip
is required to generate the input voltage of the parabolic carrier
generator. These precise analog components would increase the
cost of the control system.

This letter proposes a simple phase-shift modulation method
using the parabolic carrier for DAB converters to remove the
square root computation from control algorithms. This letter is
organized as follows. The derivation of the parabolic carrier is
presented in Section II. The implementation of the parabolic
carrier is provided in Section III. Section IV evaluates the
advantages of this method in terms of computational efficiency.
The Verilog implementation of the parabolic carrier is provided
in Section V. A DAB converter with sinusoidal-ripple-current
(SRC) charging concept is studied to demonstrate the effective-
ness of the proposed method in Section V.

II. DERIVATION OF PARABOLIC CARRIER

A typical DAB with DSP is shown in Fig. 1. When the DSP
receives a power reference P∗, this piece of information will be
used in both feedback and feed-forward loop. In the feedback
loop, the output power of DAB is measured and compared
with the power reference P∗. The error will then be sent to a
controller to generate a phase shift to compensate the power
mismatch. In the feed-forward loop, the DSP will either calculate
the corresponding phase shift online or use LUT. The sum of the
feedback loop and the feed-forward loop becomes the final phase
shift command. The DSP then generates a sawtooth carrier with
the phase shift for the secondary side H-bridge (S1–S4). The
sawtooth carrier is compared with a fixed duty cycle D = 0.5 to
generate the gating signal for the DAB under single phase shift
(SPS) control.

Notice that the role of the comparator is to convert the digital
signal D = 0.5 into an analog signal. Fig. 2 shows how the
comparator converts the digital signal into an analog signal.

As shown in Fig. 2, the comparator is to convert the digital
signal into analog signal by graphically solving an equation set{

y = 0.5

y = x.
(1)

The intersection of y = 0.5 and y = x is the solution of (1),
which is x = 0.5. This indicates that pulsewidth modulation

Fig. 3. Resulting gating signal of parabolic carrier based DAB.

(PWM) is equivalent to graphically solving an equation. Al-
though this simple example does not help much in reducing the
computation, this concept can be extended into more compli-
cated calculations.

The most complicated calculation in DAB is to derive the
phase shift from the power command. For example, the output
power of DAB with SPS control is [9]

P =
nV1V2

2fsLs
ϕ (1− ϕ) (2)

where n is the turns ratio of the transformer, V1 is the primary side
dc voltage, V2 is the secondary side dc voltage, fs is the switching
frequency, Ls is the leakage inductance of the transformer, andϕ
is the phase shift. The corresponding phase shift ϕ as a function
of P∗ is as follows:

ϕ =
k ±√

k2 − 4kP ∗

2k
(3)

where k = nV1V2/(2fsLs). In order to find the solution to (2),
one can solve it graphically. Decompose (2) into an equation set
as follows: {

y = P ∗/k
y = ϕ (1− ϕ) .

(4)

As shown in Fig. 3, the intersection of y = P ∗/k and y =
ϕ(1− ϕ) is the solution of (4). The carrier becomes the com-
bination of y = ϕ(1− ϕ) and y = ϕ(ϕ− 1). y = P ∗/k and
y = −P ∗/k are the reference. y = ϕ(1− ϕ) and y = P ∗/k
determine the secondary side voltage rising edge. y = ϕ(ϕ− 1)
and y = −P ∗/k determine the secondary side voltage falling
edge. Therefore, the square root calculation can be removed
from control algorithms.

III. IMPLEMENTATION OF PARABOLIC CARRIER

The parabolic carrier can be implemented by using digital
counters, shifters, and adders. These three elements are basic
blocks in digital circuits such as complex programmable logic
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device (CPLD), field-programmable gate array (FPGA), and
many other controller chips. The commonly used DSPs are
not suitable to test the proposed concept. The manufacturers
of those controller chips may prohibit the reconfiguration of the
microcontroller’s hardware resources. The value of the proposed
implementation of parabolic carrier is to provide a potential
way to upgrade the counter-based PWM microcontroller units
(MCUs) such as TI MCUs with relatively low cost.

Note that the carrier y = ϕ(1− ϕ) = ϕ− ϕ2 = ∫ 1dϕ−
2 ∫ ϕdϕ. ∫ 1dϕ can be implemented by a counter. ∫ ϕdϕ can
be implemented by accumulating the counter value in an adder.
Since the integral is implemented in a digital circuit, the output
of adder needs to be scaled down by a shift block.

The targeting switching frequency is fsw. The digital circuit
system clock frequency is set to be

fsys = 2k · fsw (5)

where k is a positive integer. The system clock is set to 2k times
of switching frequency because it can simplify the rescale of
the register value by using shift command later. 2k should be at
least 100 to secure necessary resolution for the PWM pulses.
The counter register value is

Countertn =

n∑
j=2k ·

∣∣n/2k ∣∣
j − (j − 1)∀tn (6)

where
∣∣•∣∣ denotes the floor operation. tn is the system clock.

Define τn = 2k · ∣∣n/2k ∣∣. Equation (6) can be rewritten as
follows:

Countertn =

n∑
j=τn

fsys ·(tj − tj−1) = 2k ·
n∑

j=τn

fsw ·(tj−tj−1)

(7)

Countertn = 2k ·
n∑

j=τn

Δϕj ≈ 2k · ∫ dϕ ∀tn . (8)

The counter value is loaded to an accumulator register every
system clock cycle. The accumulator accumulates the counter
value. The resulting accumulator register value is

Accutn =
n∑

i=τn

Counterti ∀tn. (9)

Insert (8) into (9)

Accutn =

n∑
i=τn

2k ·
i∑

j=τi

Δϕj = 2k ·
n∑

i=τn

ϕi ∀tn . (10)

Similar to (6) and (7)

Accutn = 2k ·
n∑

i=τn

ϕi [i− (i− 1)]

= 2k ·
n∑

i=τn

ϕi · fsys · (ti − ti−1) . (11)

Therefore

Accutn = 2k · 2k ·
n∑

i=τn

ϕi ·Δϕi ≈ 2k · 2k · ∫ ϕdϕ. (12)

Fig. 4. Implementation of parabolic carrier.

Fig. 5. Implementation of parabolic carrier and SR latch.

y = ∫ 1dϕ− 2 · ∫ ϕdϕ can be implemented as follows:

Carrier = 2k ·
∫
dϕ− 2k · 2 ·

∫
ϕdϕ= Counter−Accu/2k−1.

(13)
The ·/2k−1 operation can be implemented by a right shift of

k – 1 b. Therefore, the parabolic carrier can be implemented by

Carrier = Counter− (Accu � k − 1) . (14)

The implementation of y = ϕ(ϕ− 1) is similar to y =
ϕ(1− ϕ) and, therefore, omitted in this letter. The implemen-
tation of parabolic carrier is shown in Fig. 4.

The counter-based PWM MCUs such as TI MCUs have al-
ready had a counter to generate the sawtooth or triangular carrier.
If we can utilize the existing counter of this type of MCUs,
only another three adders and a shifter are needed to realize
the parabolic carrier. Please note that the cost of additional
adders and shifters are extremely cheap for microcontroller
manufacturing.

The carrier is then compared with reference y = P ∗/k and
y = −P ∗/k. The resulting pulses are given to a NOR/Positive
NAND Gate SR latch to generate the gating signal. The imple-
mentation of parabolic carrier with SR latch is shown in Fig. 5.
The resulting gating signal of Fig. 5 is presented in Fig. 3. The SR
latch determines the rising edge and falling edge of the secondary
side gating signal.

IV. COMPUTATION TIME ASSESSMENT

The calculation of square root in DSP is time consuming. This
results in poor computational efficiency. For example, it takes 63
CPU cycles for a 32-b fixed-point processor (TMS320F28035,
etc.) to calculate a square root, whereas it takes around 6
CPU cycles to calculate a multiplication [10]. It takes 28 CPU
cycles for a 32-b floating-point processor (TMS320F28335, etc.)
to complete a square root calculation by using fast real-time
support (RTS) library, whereas it takes one cycle to complete a
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TABLE I
BENCHMARKS FOR EXECUTING TIME IN CPU CYCLES

Unit: CPU cycles.
∗Minimum cycles. Numbers may vary depending on compilers and arguments.

TABLE II
KEY PARAMETERS OF VERILOG

Fig. 6. Counter register result.

multiplication [2]. The Texas Instruments TMS320C28x series
also provides a Control Law Accelerator (CLA) math library
that optimizes the floating-point math functions. Table I sum-
marizes the executing time of some frequently used operands.
The calculation time of square root is generally 10–20 times
longer than that of multiplication.

V. CASE STUDY

A. Parabolic Carrier

The proposed parabolic carrier is implemented in Verilog.
The Verilog is simulated in Cadence/SimVision to visualize the
outcome. The key parameters of Verilog implementation are
summarized in Table II.

Figs. 6–8 show the Verilog visualized in Cadence/SimVision.
Fig. 6 shows the counter register results. The counter adds one

Fig. 7. Accumulator register result.

Fig. 8. Resulting parabolic output of Verilog script.

at every CPU cycle. The counter sets up a flag when the register
is full (2047). The accumulator register result is shown in Fig. 7.
Fig. 8 shows the parabolic carrier generated by the Verilog code.
The maximum value is 512 which occupies a 10-b register to
store. The 11th digit is a sign bit.

B. SRC Charging

The SRC charging has been discussed in [11]. The basic idea
is charging the Li-ion battery with sinusoidal ripple current.
The zero current zone of the SRC allows the ions in the battery
electrolyte to be evenly distributed [12].

An electric vehicle (EV) on-board charger using SRC concept
is studied as an example to present the advantage of the proposed
modulation method. The circuit is called single-phase single-
stage bidirectional DAB ac–dc converter [13], [14]. The key
waveforms of the SRC-based EV on-board charger are shown
in Fig. 9.

C. Computational Efficiency Assessment

In SRC charging, the charging power varies from zero to
the peak value in every half fundamental cycle. Therefore, the
square root value needs to be updated every switching cycle to
achieve seamless transition. Assume half of the CPU resources
are occupied by necessary system overhead. The remaining CPU
resources are assigned to the converter control commands such
as the over current/voltage protection, control algorithms, and
phase shift update. The CPU resources in one switching cycle
is a function of system clock and switching frequency

CC = fsys/ (2fsw) (15)

where CC is the number of CPU cycles in one switching cycle.
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Fig. 9. Key waveforms of the SRC-based EV on-board charger.

Fig. 10 Remaining CPU cycles in terms of system clock frequency and
switching frequency.

Fig. 10 visualizes the CPU resources in terms of system clock
frequency and switching frequency. If the proposed modulation
method is adopted, the CPU resources under the grey plane can
be saved. This becomes crucial in the high switching frequency
area since the grey plane has exceeded CPU surface in this
zone.

If the offline LUT is adopted, one LUT is needed for one
operating point. For example, the SRC charging needs a table
of 1667 entries if the switching frequency is 100 kHz and the
fundamental frequency is 60 Hz. Note that this table is for one op-
erating point only. If ten operating points are required, ten tables
are needed. The missing operating points are calculated by inter-
polation. This will reduce the control accuracy. If the parabolic
carrier is used instead, the LUTs and the interpolation calculation
can be saved, as well as the control accuracy can be improved.

D. Feedback Control

In SRC charging, the charging power varies from zero to the
peak power in every half fundamental cycle. The gain of the DAB
transfer function varies from different power levels. If the wide
range of power output is regulated by the feedback without
an accurate feed forward loop, the controller will introduce
harmonics into output power. This can be seen from the DAB
modeling.

The circuit to conduct SRC charging is shown in Fig. 11. To
simplify the analysis, Lbat is assumed to be small and the C2

Fig. 11. The single-phase inverter interfaced DAB converter.

voltage is the same as the battery voltage. Therefore, VC2 is no
longer a state variable. The high-frequency transformer model
is replaced by the power transfer function

P =
nVC1

VC2

2fsLleak
ϕ (1− ϕ) (16)

where n= 1 is the turns ratio of the transformer for this letter,
fs is the switching frequency, VC1

and VC2
are the capacitor

voltages, and ϕ is the phase shift between primary voltage and
secondary side voltage. The SPS control is adopted in this letter.

To find the gain of the phase shift to power transfer function,
replace ϕ with ϕ̃+ ϕe and P with P̃ + Pe. ϕe and Pe are the
state variables at steady state

P̃ + Pe =
nVC1

VC2

2fsLleak

(
ϕ̃+ ϕe − (ϕ̃+ ϕe)

2
)
. (17)

Equation (17) can be simplified as

P̃ + Pe =
nVC1

VC2

2fsLleak

(
ϕ̃+ ϕe − ϕ̃2 − ϕe

2 − 2ϕ̃ϕe

)
. (18)

Since the steady state has

Pe =
nVC1

VC2

2fsLleak

(
ϕe − ϕe

2
)
. (19)

Therefore

P̃ =
nVC1

VC2

2fsLleak

(
ϕ̃− ϕ̃2 − 2ϕ̃ϕe

)
. (20)

Omit the ϕ̃2, the gain of ϕ̃ to P̃ is

P̃

ϕ̃
=

nVC1
VC2

2fsLleak
(1− 2ϕe) . (21)

As shown in (21), the gain of ϕ̃ to P̃ depends on the operating
point. For example, when P = 0, which appears twice every
fundamental cycle, the phase shift ϕe = 0. The transfer function
gain is

nVC1
VC2

2fsLleak
. When P = Pmax, which is the peak value of

every charging cycle, ϕe = 0.5. The gain of transfer function
is zero. This means if a controller is designed with a constant
gain, the error compensation capability of this controller varies
at different power levels. If the SRC charging is executed solely
depends on the feedback loop, the output power may have
harmonic distortion.

If the proposed method is adopted, the parabolic carrier
will automatically adjust the phase shift increment according
to the operating point. For example, when ϕe = 0, the power
reference makes a change of P̃ . The phase shift will make a
change of P̃ · 2fsLleak

nVC1
VC2

because of the parabolic shape of the
carrier. When ϕe = 0.5, the power reference makes a change of
P̃ and the phase shift will become 1 because the reference has
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Fig. 12. Composite function carrier.

been above the carrier. This case can be deemed as the change of
the phase shift is infinite. This infinite change is trying to match
with the 0 gain atϕe = 0.5. The role of the parabolic carrier is to
force the DAB to follow the power reference. The gain of DAB
to power can be deemed as a unity or a constant with parabolic
carrier. Therefore, if a feedback controller is adopted together
with the parabolic carrier, the error compensation capability
of the controller is consistent in all power levels. Hence the
controller will not introduce harmonic distortion to the output
power.

E. Discussion

The concept of constructing PWM to simplify the duty cycle
and/or phase shift can be extended to more complicated cases
which even are deemed to be impractical to solve analytically.
The proposed parabolic carrier demonstrates that the construc-
tion of PWM has the capability to graphically solve an equation.
Any equation related to duty cycle or phase shift has the potential
to use this capability of PWM pulses. The shape of the carrier
may vary depending on the equation to solve. The parabolic
carrier of this letter provides a simple method to eliminate the
square root calculation. The power to phase shift calculation is
selected as the key equation to simplify. Other equations such
as the optimization objective functions, which is widely used
in optimizing DAB operation, can also be selected as the key
equation to simplify. Please note that the key equation must be a
function of duty cycle or phase shift. The shape of the carrier does
not necessarily be parabolic. For example, if the key equation is
selected as follows: {

y = 1
2d1

3 + d1
1/3

y = C.
(22)

Equation (22) has multiple solutions. The analytical solution
of (22) cannot be easily derived with the aid of computer solver
such as MATLAB or WolframAlpha. The numerical solution
can be calculated when the coefficient is given under a specific
case. Instead of solving (22) analytically, we can also solve it
graphically by using nonlinear carrier. The carrier becomes a
composite function, as shown in Fig. 12.

The intersection of the carrier and the reference is the solution
of (22). This can greatly reduce the complexity of solving some
complicated or high order equations. Although this letter focuses

on the parabolic carrier, one can extend the similar idea to some
even complicated cases.

VI. CONCLUSION

This letter proposed a simple phase-shift modulation using
parabolic carrier for DAB dc–dc converters. The proposed
method removes the square root computation from DAB control.
This letter derives the parabolic carrier by releasing the con-
straint on carrier shape. The digital implementation of parabolic
carrier concept is verified by Verilog. Compared with conven-
tional online calculation method, the proposed method has the
advantage in saving CPU computation resources. Compared
with conventional LUT method, the proposed method saves
CPU memory and improves the control accuracy. The proposed
parabolic carrier based DAB is a good candidate for wide
bandgap device (WBG) based DAB applications so that the
converter can benefit most from the fast switching of WBG de-
vices. Another advantage of the proposed method is its immunity
to noise compared to the analog type of implementation. The
proposed method is based on digital circuits, and digital circuits
are generally considered to have higher noise immunity.
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