
Missouri University of Science and Technology Missouri University of Science and Technology 

Scholars' Mine Scholars' Mine 

Electrical and Computer Engineering Faculty 
Research & Creative Works Electrical and Computer Engineering 

01 Jan 2022 

Robust Modifications to Model Reference Adaptive Control for Robust Modifications to Model Reference Adaptive Control for 

Reference Voltage Tracking in a Dual Active Bridge Dc-Dc Reference Voltage Tracking in a Dual Active Bridge Dc-Dc 

Converter Converter 

Kartikeya J.P. Veeramraju 

Alvaro Cardoza 

Jagannathan Sarangapani 
Missouri University of Science and Technology, sarangap@mst.edu 

Jonathan W. Kimball 
Missouri University of Science and Technology, kimballjw@mst.edu 

Follow this and additional works at: https://scholarsmine.mst.edu/ele_comeng_facwork 

 Part of the Electrical and Computer Engineering Commons 

Recommended Citation Recommended Citation 
K. J. Veeramraju et al., "Robust Modifications to Model Reference Adaptive Control for Reference Voltage 
Tracking in a Dual Active Bridge Dc-Dc Converter," 2022 IEEE Energy Conversion Congress and Exposition, 
ECCE 2022, Institute of Electrical and Electronics Engineers, Jan 2022. 
The definitive version is available at https://doi.org/10.1109/ECCE50734.2022.9947779 

This Article - Conference proceedings is brought to you for free and open access by Scholars' Mine. It has been 
accepted for inclusion in Electrical and Computer Engineering Faculty Research & Creative Works by an authorized 
administrator of Scholars' Mine. This work is protected by U. S. Copyright Law. Unauthorized use including 
reproduction for redistribution requires the permission of the copyright holder. For more information, please 
contact scholarsmine@mst.edu. 

http://www.mst.edu/
http://www.mst.edu/
https://scholarsmine.mst.edu/
https://scholarsmine.mst.edu/ele_comeng_facwork
https://scholarsmine.mst.edu/ele_comeng_facwork
https://scholarsmine.mst.edu/ele_comeng
https://scholarsmine.mst.edu/ele_comeng_facwork?utm_source=scholarsmine.mst.edu%2Fele_comeng_facwork%2F4669&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/266?utm_source=scholarsmine.mst.edu%2Fele_comeng_facwork%2F4669&utm_medium=PDF&utm_campaign=PDFCoverPages
https://doi.org/10.1109/ECCE50734.2022.9947779
mailto:scholarsmine@mst.edu


Robust Modifications to Model Reference Adaptive
Control for Reference Voltage Tracking in a Dual

Active Bridge dc-dc Converter
Kartikeya JP Veeramraju

Department of Electrical and Computer Engineering
Missouri University of Science and Technology

Rolla, MO USA
kvkhh@mst.edu

Alvaro Cardoza
Department of Electrical and Computer Engineering

Missouri University of Science and Technology
Rolla, MO USA
acbk4@mst.edu

Jagannathan Sarangapani
Department of Electrical and Computer Engineering

Missouri University of Science and Technology
Rolla, MO USA

sarangap@mst,edu

Jonathan W Kimball
Department of Electrical and Computer Engineering

Missouri University of Science and Technology
Rolla, MO USA

kimballjw@mst.edu

Abstract—Model Reference Adaptive Control (MRAC) is use-
ful for achieving a desired dynamic response with no prior
knowledge of system parameters. Traditional MRAC is sensitive
to noise in the state variables, leading to adaptation parametric
drift. The drift in parameters, if left unchecked, leads to loss
of closed loop stability. In power electronic systems, the ripple
in the output voltage serves as a bounded noise, which leads to
MRAC instability. This drift phenomenon is observed through
the simulation and hardware experimentation of a Dual Active
Bridge (DAB) converter, and mitigated using deadzone modifica-
tion and σ modification approaches. These two methods are then
compared to evaluate their respective strengths and weaknesses
for practical hardware implementation of power electronics using
MRAC.

Index Terms—Dual Active Bridge converter, Robust Adaptive
Control, Model Reference Adaptive Control

I. INTRODUCTION

The Dual Active Bridge (DAB) is a dc-dc converter suitable
for high power bidirectional power flow control with galvanic
isolation [1]. DABs are suitable for many applications such as
microgrids [2]–[4], solid state transformers [5]–[8], aerospace
power systems [9], [10]. A functional schematic of the DAB
is shown in Fig. 1. Due to this wide range of application space
of the DAB, many methods of switching the converter are pro-
posed [1], namely single phase shift modulation (SPS), double
phase shift modulation and triple phase shift modulation. In
this article, the SPS strategy is used for switching the DAB.

Many control strategies have been proposed for controlling
the DAB such as conventional linear control techniques [11],
[12]. However such control techniques need parametric values
in the converter, which may or may not be accurately obtain-
able. This will lead to unsatisfactory dynamic performance.

Adaptive control techniques, on the other hand, relax the ne-
cessity to know the parameters of the system prior to controller

Fig. 1: Schematic of a dc-dc DAB converter

implementation, making them suitable for scenarios where the
dynamic behavior is to be tightly controlled.Model Reference
Adaptive Control (MRAC) is an effective control technique as
it adjusts the system response based on continuously adjusting
for parametric variations. A block diagrammatic representation
of MRAC is shown in Fig. 2. The nature of plant dynam-
ics are crucial for MRAC implementation. Once the plant’s
dynamics are modeled properly, MRAC ensures asymptotic
stability of the tracking error. But when a plant is modeled
for control, only a certain level of abstraction is captured
in the mathematical model. These unmodeled plant dynamics
and behaviors, lead to classical MRAC adaptation parameter
instability. This behavior is known as parametric drift [13]–
[15]. If the drift is unchecked, the closed loop system stability
cannot be guaranteed. Robust modifications [13] are therefore
proposed to counteract these drift induced effects that lead to
a stable closed loop system.

Classical MRAC is formulated and simulated under ideal
conditions in [16]. Classical MRAC suffers from parametric
drift effects as a DAB’s output voltage contains a bounded
ripple. The parametric drift is found to adversely affect the sta-
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Fig. 2: Block diagram of classical MRAC with unmodeled plant noise

bility of the system when faster response rates are demanded
out of the controller. The main contributions of this article in
this regards include:

1) DAB hardware implementation to prove the parametric
drift effects in classical MRAC

2) Adaptation law modification using the dead-zone tech-
nique to counteract parametric drift and validation using
hardware implementation to show alleviation of para-
metric drift

In this article, the dynamic model of the DAB converter
is first modeled in Section II. Then the various MRAC tech-
niques are discussed in Section III. Following this, the MRAC
schemes discussed earlier are implemented on hardware in
Section IV, followed by conclusions in Section V

II. DAB CONVERTER MODEL

The schematic of the DAB is shown in Fig. 1. The dynamic
equations for the DAB are written as

Lt
dit(t)

dt
= vsq1(t)−Roit(t)−

N1

N2

R

R+Rc
q2(t)vc(t) (1)

Co
dvc(t)

dt
=

N1

N2

R

R+Rc
q2(t)it(t)−

1

R+Rc
vc(t), (2)

where the two differential equations pertain to the leakage
inductance Lt, the filter capacitance Co, and the equivalent
series resistances of Co and Lt, which are denoted by Rc,
and Rt, respectively. The load is characterized as a pure
resistance R connected across the capacitor Co. The trans-
former’s secondary to primary turns ratio is N2 : N1. The
two bridges of the DAB are modulated by switching functions
q1(t) and q2(t). The inductor current and capacitor voltage
states are represented by it(t) and vc(t), respectively. Ro is
an intermediate-term given by

Ro =
RtR+RtRc +RRc

N2
1

N2
2

R+Rc
. (3)

The reduced-order average model (ROAM) [16] for the
output voltage dynamics ˙vo(t) of the DAB converter from the
Generalized Average Model (GAM) [17] is derived to be

v̇o(t) = f(vo(t)) + gu (4)

with

f(vo) = − vo(t)

(R+Rc)Co
= −apvo(t) (5)

g =
8

π2

R

(R+Rc)Co

N2Vin

N1|Z|
(6)

|Z|=
√

R2
o + (ωLt)2, (7)

where u = sin(ϕ) with ϕ being the actual phase shift
needed between primary and secondary bridges for power flow
control. With the ROAM formulated, the MRAC control can
be derived in the subsequent sections.

III. MRAC FORMULATION AND ROBUST MODIFICATIONS
WITH SIMULATIONS

In this section, the model (4) will be used to formulate a
direct MRAC controller for output voltage tracking applica-
tions.

A. Classical MRAC

The functional block diagram of MRAC is shown in Fig. 2,
which shows that classical MRAC closed loop system has four
parts: the control law, the plant, the reference model, and the
adaptation laws. The necessary condition for the stability of
the closed-loop system is that the reference model be stable.
As the DAB model in (4) is a first-order system, the reference
model must also be a first-order system. The reference model
is therefore

ẏm = −amym + bmr(t), (8)
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where am and bm are the reference model parameters, ym
is the state of the reference model that is used for error
generation, and r(t) is the reference value fed to the plant that
the DAB must ultimately track. The control law is defined as

u ≜ ar(t)r(t) + ax(t)x(t) (9)

where ar(t), ax(t) are estimates of the control parameters
for compensating the unknowns of the system. The DAB
parameters are all assumed to be unknown. That is, the value
of C, R, Rc, Rt, vin, |Z|, N2, and N1 are unknown, which
makes ap, and g unknown quantities. However, the sign of
g is positive as all passive components are known to have
a positive real value and the input voltage is also positive.
The error e(t) = vo(t) − ym(t) of the model produces error
dynamics of

ė(t) = −ame(t) + gãx(t)x(t) + gãr(t)r(t), (10)

where ãr(t) = ar(t) − bm/g and ãx(t) = ax(t) − (ap −
am)/g. The model matching condition is satisfied when ãr(t),
ãx(t) are both zero. Now a Lyapunov candidate can be chosen
to formulate the adaptive control laws. The chosen candidate
Lyapunov function is

V =
e2

2
+

|g|
2γ

(ã2x + ã2r), (11)

where γ is a positive constant that serves as a tuning
parameter to control the rate of adaptation. The proof of the
Lyapunov stability is given below.

Proof:

V̇ = e(t)ė(t) +
|g|
γ
(ãx(t) ˙̃ax(t) + ãr(t) ˙̃ar(t))

= e(t)(ame(t) + gãx(t)x(t) + gãr(t)r(t))

+
|g|
γ
(ãx(t) ˙̃ax(t) + ãr(t) ˙̃ar(t))

= −ame2(t) + ãx(t)

(
ge(t)xp(t) +

|g|
γ

˙̃ax(t)

)
+ ãr(t)

(
ge(t)r(t) +

|g|
γ

˙̃ar(t)

)
V̇ ≤ 0

In order to maintain V̇ ≤ 0, the last two terms can be
canceled out to zero to get a negative semi-definite result for
V̇ . Realizing that g = |g|sgn(g), the second term is written as

e(t)|g|sgn(g)x(t) = −|g|
γ

˙̃ax (12)

and the last term as

e(t)|g|sgn(g)r(t) = −|g|
γ

˙̃ar. (13)

Therefore, two adaptation laws are obtained:

˙̃ax = −γsgn(g)e(t)vo(t) (14)
˙̃ar = −γsgn(g)e(t)r(t) (15)
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Fig. 3: Parametric drift in classical MRAC simulation

By Barbalat’s lemma, one can show that e(t) converges
asymptotically to zero. However, the convergence of ãr(t)
and ãx(t) cannot be guaranteed unless the Persistency of
Excitation (PE) condition is guaranteed [13]. The ramifica-
tions of the parameter estimate not being bounded will be
discussed in the next section, and a robust modification will
make relaxations to the PE conditions to the existing adaptive
control laws.

B. MRAC performance under bounded noise

If a bounded noise is present on the plant (as seen in Fig. 2)
and was initially unmodeled, the plant equation is rewritten as

v̇o(t) = −apvo(t) + gu(t) + vr(t), (16)

where vr(t) is the unmodeled bounded noise in the plant. This
changes the error dynamics to

ė(t) = −ame(t) + gãx(t)x(t) + gãr(t)r(t) + vr(t), (17)

which in turn leads the derivative of the Lyapunov to be

V̇ = −ame2(t) + ãx(t)

(
ge(t)xp(t) +

|g|
γ

˙̃ax(t)

)
(18)

+ ãr(t)

(
ge(t)r(t) +

|g|
γ

˙̃ar(t)

)
+ e(t)vr(t)

Due to the negative semidefiniteness, the stability of e(t) can
be shown, but the stability of adaptation parameters cannot be
shown. This means that the adaptation parameters can reach
high values if left unchecked, and create a control term u that
the actuator system may not be able to generate, ultimately
leading to instability.

C. Robust Adaptive Control

In order to prevent this unwanted behavior, robust adaptive
control techniques can be used. The techniques relax the
persistency of excitation requirements to guarantee parametric
convergence. To this effect, two methods will be discussed:
deadzone modification and σ modification.
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TABLE I: Operation Parameters

Parameter fsw Vin Vo Co Rc N2/N1 Rt Llk R
Value 80 kHz 14V 20V 40 µF 3.3mΩ 1.11 49.6mΩ 3.5 µH 33.33Ω

Fig. 4: Hardware setup for DAB converter running on classical
MRAC

1) Deadzone Modification: A trial and error based method
like the deadzone modification [13]–[15] technique modifies
the adaptive laws to

d

dt
ar(t) =

{
−sgn(g)γe(t)r(t) ∥e∥> ebound

0 ∥e∥≤ ebound
(19)

d

dt
ax(t) =

{
−sgn(g)γe(t)vo(t) ∥e∥> ebound

0 ∥e∥≤ ebound
, (20)

where ebound is the error bound beyond which the adaptation
law is to be applied. The disadvantage of using deadzone
modification is the setting of ebound. However, as the main
source of bounded unmodeled noise in many standard power
electronic converters is due to the output voltage ripple, a
power electronic designer can easily determine the value of
the ripple via simulations and set this limit in hardware.
This makes deadzone modification highly suitable for power
electronic converter control.

2) σ Modification: Although the error bound is useful
for practical implementation, the output voltage ripple is
sensitive to load current changes, which is common in a power
electronic converter. Using a single ebound value for all loading
levels on the converter is not feasible, as the ripple value
changes. Therefore, a more robust method like the well known
σ modification method [13]–[15] is useful. In this scheme, the
adaptation laws are modified as
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Fig. 5: Instability in classical MRAC, for γ = 2.6, vo ref = 24V
observed on hardware experimentation. The parametric drift causes
sudden onset of very high control effort.

d

dt
ar(t) = −γ(e(t)r(t) + σar(t)) (21)

d

dt
ax(t) = −γ(e(t)x(t) + σax(t)), (22)

where σ > 0 is the modification parameter. The modification
term introduces a constant damping into the adaptive law,
thereby providing a mechanism to bound the adaptive param-
eter. This control makes the system Stable in the Sense of
Lyapunov (SISL), and therefore does not guarantee asymptotic
convergence on the tracking error. However, the trial and error
method of selecting the ebound is relaxed.

D. Simulation verification

Upon simulation of the DAB converter on PLECS® using
classical MRAC, the voltage ripple on the output capacitor is
found to serve as the bounded noise vr, thereby causing the
adaptation parameters to drift as shown in Fig. 3.

IV. HARDWARE RESULTS

In this section, the hardware implementation of the control
schemes discussed in Section III will be presented. For the
purpose of implementation, a hardware model of the DAB
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(a) Classical MRAC run for two sets of γ, am, and bm values (b) Classical MRAC vs Deadzone vs σ MRAC for γ = 1.5, am = bm = 1000

Fig. 6: Parametric drift for ar[k] observed due to bounded noise in hardware tests. The samples k are acquired in debug mode at 100Hz
sampling rate

(a) γ = 0.04, am = bm = 500 (b) γ = 1.5, am = bm = 1000

Fig. 7: Output voltage of hardware DAB during controller startup for MRAC run with and without deadzone modification for different
reference model parameters

with the parameters in Table I is constructed as shown in
Fig. 4. For the purpose of control, a C2000 class DSP running
a TMS320F28377S on a Launchpad was selected.

A. Implementation note
The reference model (8) was approximated by a Zero

Order Hold (ZOH) approximation using the c2d function on
MATLAB®, while the adaptation laws were discretized using
backward Euler method. For example, the discrete adaptive
laws for their continuous time counterparts in (14), (15) are
given by

ar[k + 1] = ar[k]− γTsem[k]r[k] (23)
ax[k + 1] = ax[k]− γTsem[k]vo[k] (24)

for a sampling interval of Ts, which is set to the switching
frequency of the DAB for all MRAC implementations in this
paper.

The control signal u in (9) is converted to phase angle dif-
ference between the H bridges by applying ϕ = sin−1(u) and

is passed to the C2000’s enhanced Pulse Width Modulation
(ePWMx) block for deployment within each Interrupt Service
Routine (ISR) cycle.

B. Classical MRAC

The tests were first performed using classical MRAC (14),
(15) and the parametric drift described in the earlier sec-
tion was observed by extracting the parametric update laws
(ar[k],ax[k]) in the Code Composer Studio’s debug mode.
Figure 6a shows the parametric drift for the two adaptation
gain γ parameters and how a higher gain leads to a faster
drift in ar[k] parameter updates, for sample number k. The
purpose of γ is to make the adaptation process faster so that
the faster referencing tracking is possible.

When implemented on classical MRAC, the controller was
found to initially track the reference satisfactorily and the out-
put voltage was found to be stable at the requested setpoint of
24V, as shown in Fig. 5. However, the adaptation parameters
were found to be drifting. When the ar, ax parameters drifted
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significantly, the closed loop system became unstable due to
large control inputs that the controller was giving the plant.
The time of initiation of system instability depends on the
value of γ. Higher values of γ led to the faster instability in
the system.

Therefore, the classical MRAC formulation is unsuitable for
practical hardware implementation as the PE condition isn’t
satisfied and the noise drives the parametric estimates high
causing controller saturation.

C. Deadzone MRAC

The deadzone modified adaptation laws are run for γ = 1.5,
in Figure 6b which shows how the controller arrests the
adaptations when the output reaches the deadzone. Therefore,
the deadzone provides robustness against process and sen-
sor noise, which was not previously considered in classical
MRAC.

The startup transients with MRAC are shown in Figure. 7a
and Figure. 7b. In each plot, the output voltage obtained from
classical MRAC is compared with the output voltage obtained
with deadzone modification. The deadzone MRAC introduces
a steady state error when e(t) reaches the bound.

D. σ Modified MRAC

In the final test for σ modified MRAC, a deadzone is no
longer required as explained in Section III. The adaptation
parameters settle and do not drift under the bounded noise
from voltage ripple effects. The value of σ is selected to be
0.05. The adaptation laws in discrete domain are given by

ar[k + 1] = ar[k]− γTsem[k]r[k]− γσar[k] (25)
ax[k + 1] = ax[k]− γTsem[k]vo[k]− γσax[k] (26)

Due to SISL, the error term does not go to zero, thereby
leading to a steady state error in tracking. However, the
reference model tracking is satisfactory and the adaptation pa-
rameters are bounded and stable, even without the knowledge
of error bounds.

V. CONCLUSIONS

In this paper, DAB hardware experiments for classical
MRAC are presented and their shortcomings are outlined. A
reduced-order average model of the DAB’s output voltage
dynamics are discussed for use with MRAC. The output
voltage ripple behaves as a bounded noise to the classical
MRAC and leads to parametric drift, which if left unchecked,
leads to controller instability. The deadzone modification and
σ modification methods are shown to remove the issue of
parametric drift under the presence of voltage ripple, thereby
leading to robust closed loop control.
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