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Abstract—This paper investigates the implementation of both
linear model predictive control (LMPC) and nonlinear model
predictive control (NMPC) to a full bridge dc/dc converter under
starting, overload, and load step change conditions. The control
objective is to regulate the output voltage without violating the
peak current constraint. The integrated perturbation analysis and
sequential quadratic programming method is employed to solve
the nonlinearly constrained optimal control problems with 300

s sampling time. The experimental results reveal that both the
LMPC and NMPC schemes can successfully achieve voltage regu-
lation and peak current protection. The experimental results are
reported and several observations, seemingly counterintuitive, are
analyzed to offer insight into the use of MPC for these challenging
applications.

Index Terms—Full bridge dc/dc converter, integrated perturba-
tion analysis and sequential quadratic programming (InPA-SQP),
linear model predictive control (LMPC), nonlinear model predic-
tive control (NMPC).

I. INTRODUCTION

The full bridge dc/dc converter was initially proposed in pre-
vious studies [1] for both high power density and high power
applications. It is very attractive because of its zero voltage
switching, low component stresses, and high power density fea-
tures [2], [3]. Moreover, its high-frequency transformer prevents
fault propagation and enables a high output/input voltage ratio.
Therefore, with a full bridge dc/dc converter as the power con-
ditioning system, a low-voltage energy system can be used for
high dc voltage applications, such as the dc zonal electrical dis-
tribution system of an all electric ship [4]. To investigate the
voltage regulation of a full bridge dc/dc based power condi-
tioning system, an experimental testbed was developed at the
University of Michigan to support model development and to
facilitate a model-based control design approach [5]. Fig. 1 de-
picts the configuration of the power stage of a full bridge dc/dc
converter whose parameters are shown in Table I.

Several challenges arise for the dc/dc converter control de-
sign. First, the power devices of the dc/dc converters have very
complicated time-varying switching behavior. Therefore, the
dynamic model development of power converters is a challenge.
Second, dc/dc converters as power conditioning devices typi-
cally have a wide range of operating conditions, further com-
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Fig. 1. Configuration of a full bridge dc/dc converter.

TABLE I
PARAMETERS OF THE TESTBED PROTOTYPE

plicating the control design. Furthermore, the control input is
bounded due to physical limitations of power converters. Fi-
nally, safe operation requirements such as peak current limits
may impose additional nonlinear constraints.

Traditionally, there are two classes of algorithms for dc/dc
converter control, namely voltage-mode control and cur-
rent-mode control. Voltage-mode control achieves voltage
regulation through a single-loop voltage control scheme. To
limit the current during transient operation to a safe operating
range, the feedback control gain must be carefully chosen, oth-
erwise an additional protection circuit has to be incorporated.
In addition to a voltage feedback loop, current-mode control
employs an inner inductor current feedback loop to improve
performance. Performance enhancements, including superb
line regulation and inherent over-current protection, can be
achieved for current-mode control. However, current-mode
control has a subharmonic oscillation problem when the duty
ratio is greater than 0.5. Besides, this method requires inductor
current sensing, which increases system cost and tends to
have noise sensitivity problems. The development of advanced
control algorithms, together with the increased computational
power of microprocessors, enables us to deal with the control
problem from a new perspective. For example, model predic-
tive control (MPC) [6]–[8] has been implemented in power
converters [9]–[11] and in an electric drive system for direct
torque control [12], [13]. For the full bridge dc/dc converter
under investigation, the peak current protection problem can
be formulated as a constraint for an optimal control problem,
which can be effectively dealt with using MPC.

In classical MPC, the control action at each time step is
obtained by solving an online optimization problem with a
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given cost function. However, solving an optimization problem
is often computationally demanding, which contributes to the
fact that most of the successful applications have been found
for systems with slow dynamics and abundant computational
power. For systems with fast dynamics, explicit MPC [16]
has been proposed that pre-computes the optimal solutions
and stores them for online lookup. Explicit MPC has been
implemented for fast dynamic applications with a millisecond
order time constant [17]. The major challenge of implementing
explicit MPC is that the number of entries in the lookup table
increases exponentially as the length of the horizon increases.
Moreover, in explicit MPC, the nonlinear constraint is ad-
dressed using a piecewise affine approximation. As such, the
size of the lookup table increases as the demand for accuracy of
approximation increases. Consequently, application of explicit
MPC is limited to small problems with low dimensions [18].

To extend the applicability of MPC to broader classes of
systems with fast dynamics, a novel numerical optimization al-
gorithm is developed to improve computational efficiency [19],
[20]. This algorithm is referred to as the integrated perturbation
analysis and sequential quadratic programming (InPA-SQP)
solver. It combines the computational advantages of perturba-
tion analysis and optimality of the SQP solution by treating
the optimization problem at time as a perturbed problem
at time . This combination can significantly improve
computational efficiency and is particularly useful for MPC,
where an optimal control problem must be solved repeatedly
over the receding horizon. It is worthwhile to point out that the
InPA-SQP algorithm can be applied to solve the MPC optimal
control problem for nonlinear systems with mixed state and
control input constraints.

Besides the InPA-SQP algorithm, other computationally effi-
cient algorithms have been proposed. For example, [21] exploits
the information of previous iterations in the SQP approach and
the algorithm has been applied to control systems in the order
of milliseconds [22]. However, this algorithm requires compu-
tation time of order being the length of horizon. In
comparison, the required computation time to calculate each it-
eration of InPA-SQP is of order , making it an ideal candidate
for the MPC implementation for power converters.

This paper is concerned with the closed-loop system perfor-
mance of the MPC schemes for a full bridge dc/dc converter.
The control objective is to regulate the output voltage without
violating the peak current constraint. The voltage regulation
is formulated as MPC problems using a linear and nonlinear
model, respectively, to predict the future plant behavior. The
peak current protection requirement is formulated as a nonlinear
constraint. Since the full bridge dc/dc converter has a wide
operating range, an offset-free algorithm [14], [15] is adopted to
eliminate the steady-state error for the linear model predictive
control (LMPC) scheme. To achieve 300 s sampling time and
to handle the nonlinear constraint, the InPA-SQP method is
employed to solve the constrained optimal control problem.
The InPA-SQP solver can significantly improve computational
efficiency while effectively handling the nonlinear constraints,
making the implicit MPC feasible for a power electronics
system with very fast dynamics. The experimental results
reveal that both the LMPC and nonlinear model predictive

control (NMPC) algorithms can successfully achieve voltage
regulation and peak current protection. Note that it is not our
intention to compare the two schemes. Instead, it is of interest to
report several observations that are seemingly counterintuitive
at the first glance for the two schemes. Those observations
suggest that: 1) longer prediction horizon does not guarantee
better performance for both the LMPC and NMPC schemes;
and 2) LMPC does not necessarily have shorter computational
time than the nonlinear model-based counterpart.

The rest of this paper is organized as follows. In Section II,
the inductor peak current constraint of the full bridge dc/dc con-
verter will be presented. Section III is devoted to an observer
design for states and parameter estimation using a large signal
dynamic model. Section IV focuses on MPC problem formula-
tion. Experimental results will be presented in Section V, fol-
lowed by conclusion in Section VI.

II. INDUCTOR PEAK CURRENT CONSTRAINT

The full bridge dc/dc converter is typically modulated by
phase-shift modulation signals. By shifting the phase between
the two half bridges, different combinations of and
can be applied to shape the current and consequently to ma-
nipulate the power flow.

Depending on the waveform of the inductor current , the
full bridge dc/dc converter can operate in one of two modes: the
discontinuous-conduction-mode (DCM) and continuous-con-
duction-mode (CCM). For a full bridge dc/dc converter
operating with DCM [5], the peak current
can be calculated as

(1)

where is the phase shift and other variables are defined in
Table I.

Similarly, the peak current for CCM can
be calculated as

(2)

The operating mode of the dc/dc converter is determined by
and . For different combinations of and , the

phase-shift boundary line between the CCM and DCM can
be calculated as follows:

(3)

Moreover, let denotes the maximum tolerable peak cur-
rent of the converter. Using (1) and (2) , one can determine
the limits on the phase shift to avoid over-peak-current. The
phase-shift constraint curves and for DCM and CCM,
respectively, can be calculated from (2) and (1) as follows:

(4)

(5)
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Fig. 2. DCM/CCM boundary line � and peak current constraint curves�
and � for � � �� V and � � �� A.

Fig. 2 shows the phase-shift boundary line and the peak
current constraint curves and for V and

V. Note that: 1) the full bridge dc/dc con-
verter operates with the CCM if the phase shift is larger than
the corresponding boundary value; and 2) the peak current con-
straint curves and are calculated using (5) and (4) for

A. For our system with a nominal output power of
1000 W, the phase shift at the nominal operating point is 0.62
which is smaller than the boundary value 0.67. Therefore, the
converter operates with the DCM at steady state for the nominal
output power. From Fig. 2, the DCM peak current constraint
curve is always above the boundary line , so the peak
current constraint will not be violated if the power converter
operates with DCM at steady state. However, for the cases of
start-up and overload, the power converter operates at CCM,
where the CCM peak current constraint may be violated. There-
fore, an active constraint enforcement mechanism needs to be
incorporated to protect the converter.

III. NONLINEAR DYNAMIC MODEL AND OBSERVER

For the dynamic model of the full bridge dc/dc converter de-
rived in [5], the implementation of advanced control strategies
requires the values of the load resistance and the average cur-
rent . The load resistance is typically a bounded unknown
parameter. However, it is necessary to estimate this parameter
for both the LMPC and NMPC schemes. Meanwhile, if we use
a current sensor to obtain , the current sensor must have high
bandwidth to accurately reconstruct the current signal. To over-
come this drawback, we treat the load resistance as a state
and use a nonlinear observer to estimate and while keeping

as the only measured variable. Based on the dynamic model
derived in [5], the high-gain nonlinear observer is expressed as
follows:

(6)

(7)

(8)

(9)

where and are the nonlinear observer gains. Based
on the separation principle, we choose high observer gains to
achieve fast convergence for the estimated state.

IV. MPC FORMULATION

This section presents the formulation of the LMPC and
NMPC schemes for the full bridge dc/dc converter. The control
objective is to regulate the output voltage without violating the
peak current constraint. For a given inductor peak current ,
the CCM peak current (2) must satisfy

(10)

If we define and , (10) can be
rewritten in terms of the state variables and control input as

(11)

where

Then, the peak current protection requirement can be formulated
as a mixed states and control input constraint for both LMPC
and NMPC schemes that will be described in the following two
sections.

A. Linear Offset-Free MPC Formulation

The dynamic system can be easily linearized at the nominal
operating point ( V and kW) with nominal
values and . Letting

and , the system can be transformed
into its discrete-time version for a specific sampling time

(12)

(13)

where . Note that
and for the system under investigation.

The peak current constraint (11) can be rewritten as

(14)

Since the model represented by (12) and (13) is obtained by
linearizing at a given operating point, the modeling error will
lead to nonzero steady-state error for closed-loop system with
conventional MPC. To eliminate the steady-state error, offset-
free MPC has been developed in previous studies [14 ], [15].
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For this application, the plant model represented by (12) and
(13) can be augmented with a constant disturbance model

(15)

(16)

(17)

Based on the augmented model, the state and disturbance es-
timator can be designed as

(18)

(19)

where and are observer gains that are designed to achieve
fast convergence [15].

By (15)–(17), the steady-state values of the observer states
must satisfy

(20)

where is the steady-state input while and are steady-
state values of the observed state and disturbance, respectively.

Then, the MPC online optimization problem can be formu-
lated as follows: let and ;
at the time instant , the state of the system, , is estimated
and the following optimal control problem is solved

(21)

subject to

(22)

(23)

(24)

where

(25)

is the control sequence

(26)

is the state trajectory

(27)

and is the penalty for the final states.
and are the corresponding weighting matrices that

are used to penalize the deviations of the output and the control
input from their corresponding desired values, is the predic-
tion horizon, and is the constraint matrix and
can be written as follows with :

(28)

Note that the first two components are derived because of the
boundedness of the phase shift and each component
in (28) is bounded above by zero.

Linearized models have been successfully employed for MPC
optimization for many practical applications [23]. However, the
difficulty that we face in voltage regulation and peak current
protection of a full bridge dc/dc converter is due to the nonlinear
constraint (24). As opposed to linearization of the model of the
system, linearization of nonlinear constraint can easily lead to
constraint violation, and since the nonlinear constraint (24) is a
hard constraint, we cannot afford any violation. Moreover, in-
clusion of nonlinear constraints in MPC formulation requires
iterative linearization of constraints until convergence to the
optimal solution. Therefore, using linearized model is not ex-
pected to provide considerable computational saving in compar-
ison with its nonlinear counterpart. On the other hand, NMPC
has two advantages over LMPC. First, the nonlinear model is
much more accurate than the linearized model over a wide op-
erating of a power converter, and therefore, there might be no
need for offset-free observer design. Second, with NMPC, pre-
diction of future is more accurate, and therefore, longer length
of horizon is expected to lead to better performance. In contrast,
with LMPC, longer prediction horizon can lead to larger errors
in predicted states that adversely affects performance of LMPC
or even can jeopardize successive feasibility of MPC strategy.
These observations motivated us to seek alternative NMPC for-
mulation, with the goal to understand the difference in imple-
mentation and to gain insight for both LMPC and NMPC for
this kind of application.

B. Nonlinear MPC Formulation

The nonlinear system can be transformed into its discrete-
time version for a specific sampling time

(29)

(30)

The CCM peak current constraint (11) can be rewritten as

(31)
Then, the MPC online optimization problem can be formu-

lated as follows: at the time instant , the state of the system
is observed and the following optimal control problem

is solved:
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Fig. 3. Full bridge dc/dc converter.

Fig. 4. Performance comparison of LMPC with different prediction horizon for a step-down change of � from 12.8 to 6.4 �.

(32)

subject to

(33)

(34)

(35)

where

(36)

is the control sequence

(37)

is the state trajectory

(38)

and is the penalty for the final states.
and are the corresponding weighting matrices
that are used to penalize the deviations of the output and the
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Fig. 5. Performance comparison of NMPC with different prediction horizon for a step-down change of � from 12.8 to 6.4 �.

control input from their corresponding desired values, is the
prediction horizon, and is the constraint matrix
and can be written as follows with :

(39)

Since the full bridge dc/dc converter has the millisecond level
time constant, a rational choice of the sampling time is between
100 and 400 s [25]. We choose 300 s as the sampling time
for the controller. Moreover, we chose to ensure that
the prediction time length is no less than the time constant of
the full bridge dc/dc converter. The weighting matrices

, and are the main tuning parameters of the quadratic cost
functions (27) and (38) to shape the closed-loop response for
desired performance. The closed-loop performance criteria are
defined as: 1) to achieve fast output response with small output
overshoot; and 2) to avoid high-frequency control input oscilla-
tions that might cause high slew rate for the inductor current and
high stress for switching components. If there is high-frequency
oscillation for control input, the control input could hit much
higher value that leads to higher inductor/power switches cur-
rent than that of a smooth transient. Although we should be able
to choose components to handle the absolute maximum values at
phase shift , we prefer that the converter operates smoothly
during the transient so that phase shift (or equivalently inductor/
power switches current) will never hit the highest values. The
parameters are selected through simulation using MATLAB/

Simulink/SimPowerSystems toolbox based model. The prelim-
inary evaluation results lead to the choice of

, and . Furthermore, we do not
penalize the final states and , meaning

. The analysis of stability, though important and
interesting, is not covered in the scope of this paper.

Given the fast dynamics of the converter, we employ a
method, which we refer to as the InPA-SQP approach [19],
[20], to solve the constrained optimization problems for LMPC
and NMPC of the full bridge dc/dc converter. The InPA-SQP
synergistically combines the solutions derived using pertur-
bation analysis and SQP to solve the optimization problem.
It is shown in [19] that it can significantly improve the com-
putational efficiency while effectively handling the nonlinear
constraints. Note that, using perturbation analysis or InPA-SQP,
one has to assume that a precomputed solution exists and the
new solution can be obtained by approximation. When the set
point changes, the new optimal solution might be significantly
different from the precomputed one. In this case, the InPA-SQP
will automatically resort to the SQP algorithm and more iter-
ations might be needed for convergence. However, the same
algorithm is still applicable. We now proceed to implement the
MPC on our hardware.

V. EXPERIMENTAL VALIDATION

The goal of this section is to present the experimental results
to compare the LMPC and NMPC schemes.
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Fig. 6. Comparison of the LMPC and NMPC schemes during the starting process.

Both the LMPC and NMPC schemes are implemented on a
full bridge dc/dc converter shown in Fig. 3. The full bridge dc/dc
converter is the dc/dc1 of our dc hybrid power system testbed
presented in [5]. The dc hybrid power system testbed has mul-
tiple unidirectional and bidirectional isolated dc/dc converters
as the power conditioning devices and an RT-LAB system as a
control rapid prototyping system. The RT-LAB system is a PC
which has Xeon 2.8 GHz CPU, 512 MB RAM, and field-pro-
grammable gate-array (FPGA)-based I/O cards. Moreover, it
runs RedHawk real time operating system. Therefore, it can run
compiled code to control those power converters.

Fig. 4 shows the performance of the closed-loop system for
LMPC with different prediction horizons in the presence of
a large step change in the load resistance . Initial is 12.8
(500 W output power). A step-down change of the load resis-
tance is then applied to deliver 1000 W output power, which
is the rated output power of the converter. The settling times of
the LMPC for different prediction horizons are similar. How-
ever, as shown in the first plot of Fig. 4, the transient voltage drop
is the smallest when and s. At both load con-
ditions, the output voltage is regulated to the desired value while
the absolute peak value of is less than 75 A for all selected
prediction horizons. Therefore, the peak current constraints are
not active, which also can be verified by the third plot of Fig. 4.
For different prediction horizons, the computational time in-
creases as the prediction horizon increases. It is sometimes be-
lieves that the performance of the MPC schemes should im-
prove as the prediction horizon increases. This is not supported
by theory and indeed as shown in this paper, the converse can
be true. Longer prediction horizons are usually used to ensure
that the state enters a terminal set that is used in stability proofs

and is not necessarily associated with performance issues. The
fact that longer prediction horizon for LMPC does not make any
good may be due to inaccuracy of the linear model. More error
might be accumulated as prediction horizon increasing. There-
fore, a LMPC scheme with long prediction horizon produces
control signals such that the nonlinear constraint is satisfied for
long future states. However, due to inaccuracy of the model,
the decision may be so conservative that even deteriorates the
closed-loop performance.

Fig. 5 compares the waveforms for a step-down change of
when the NMPC algorithm with , and is applied to
control the power converter. A step-down change of the load re-
sistance from 12.8 to 6.4 is then applied to deliver 1000 W
rated output power. At both load conditions, the output voltage
is regulated to the desired value while the absolute peak value of

is less than 75 A for all selected prediction horizon. Similar
to LMPC, the peak current constraints are not active, which can
be verified by the second and third plots of Fig. 5. The perfor-
mance of NMPC for , and are essentially the same
while the computation time increases as the prediction horizon
increases. Therefore, it is desirable to choose to reduce
computation time. Note that since the nonlinear model is more
accurate that its linear counterparts over a wide operating range
of the converter, the NMPC scheme has nondecreasing perfor-
mance behavior with respect to longer length of horizon.

Fig. 6 shows the experimental waveforms of LMPC and
NMPC of the full bridge converter during the starting process
with rated 1 kW load. For both the LMPC and NMPC schemes,
the peak currents are limited within the maximum tolerable
value 75 A for most of the time although the peak current is
slightly higher than 75 A during the first 300 s. The maximum
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Fig. 7. Comparison of the LMPC and NMPC schemes for a step-down change of � from 12.8 � to 6.4 �.

Fig. 8. Comparison of the LMPC and NMPC schemes under overload operation condition.

output voltage is 86 V for the LMPC scheme while, for the
NMPC scheme, it is 81.2 V. The maximum computation time
for the LMPC scheme is 128 s which is 40 s longer than the
NMPC scheme’s 88 s. Note that when the active constraint
changes to inactive status as indicated on the third plot of
Fig. 6, the InPA-SQP algorithm takes more iterations to reach
the optimal solution, leading to the additional computation
time. For LMPC, in addition to longer prediction horizon, the

constraint is active for a longer period of time than that of the
NMPC, resulting in much longer computation time. Therefore,
for this application, LMPC does not necessarily have shorter
computation time than the NMPC scheme.

Fig. 7 shows the waveforms of LMPC and NMPC of the full
bridge converter under a step-down change of . We define the
voltage regulation error as . For the
LMPC scheme, while for the NMPC scheme,
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. Moreover, from Fig. 7 , the settling time of the NMPC
scheme is shorter than that of the LMPC scheme. However, the
maximum voltage drop of the LMPC scheme is 2.8 V which
is 1.1 V lower than that of the NMPC scheme. The maximum
computation time for the LMPC scheme is 89 s while that of
the NMPC scheme is 104 s.

Finally, Fig. 8 shows the experimental waveforms for LMPC
and NMPC of the full bridge dc/dc converter under the overload
operation condition. The power converter is initially operating
with 1 kW load . The load resistance is then
reduced to 2 . For both the LMPC and NMPC schemes, the
responses are similar. At the steady state after the transient, the
peak current is limited within the maximum tolerable value 75
A except that the peak current is slightly higher than 75 A during
the transient. This is partially due to the fact that we do not use a
current sensor in the control schemes. The output voltage drops
from 80 to 40 V during the transient since is constrained.
The maximum computation time for the LMPC scheme is 69

s which is 6 s shorter than that of the NMPC scheme.
It is worthwhile to clarify that during our simulation and

experimental tests, we did not have feasibility issues. Moreover,
we have tested our algorithm with Simulink/SimPowerSystems
and Simulink/Embedded MATLAB toolboxes. During those
tests, we directly measure all necessary signals without using
an observer; the control input hit the constraint curve in the
same manner that we observed on experiment tests. We also
understood that the control input hit constraint curve because
the converter tries to deliver more power, leading to inductor
current constraint violation. Furthermore, all of our experi-
mental results show that during the load transient where the
set point changes, the computational time is much longer since
more iteration is needed for convergence. However, the total
computational times at different tests are still much smaller
than the sampling time. Therefore, the same algorithm is still
applicable.

VI. CONCLUSION

In this paper, we presented the LMPC and NMPC schemes
for the full bridge dc/dc converter under three operating condi-
tions. The experimental results reveal that the MPC algorithms
successfully achieved voltage regulation and peak current pro-
tection. It is not our intention to compare the two schemes. In-
stead, it is of interest to report several counterintuitive obser-
vations for the two schemes. Those observations suggest that:
1) longer prediction horizon does not guarantee better perfor-
mance for both linear and nonlinear model-based schemes; and
2) linear model-based scheme does not necessarily have shorter
computation time than the nonlinear model-based counterpart.
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