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Abstract—In this paper, a new digital control algorithm is presented to improve the dynamic performance of the dual-transistor
forward converter (DTFC) during a transient event. The algorithm
uses a linear control scheme under the stable-state condition and
the charge balance control scheme under the transient condition.
Based on the principle of capacitor charge balance, the proposed
algorithm predicts the switch over time to achieve optimal transient response for a DTFC, thus the minimal voltage derivation
and recovery time are achieved when the load current has a step
change. Compared with a conventional voltage mode controller,
the proposed algorithm provides a much better dynamic performance. Furthermore, simulation and experiment results demonstrate the effectiveness of the algorithm.
Index Terms—Dc-dc power conversion, digital control, predictive control, transient response.

I. INTRODUCTION

T

HE forward converter technology has been widely used
for low-voltage and high-current applications with a
power level up to 250 W [1]–[4]. Considerable research has
been proposed to enhance efficiency of the forward converter
at high switching frequencies. However, the forward converter
suffers from high voltage stress, which limits its use in conventional application. Half-bridge or full-bridge dc-dc converters
are introduced to solve the problem [5]–[8], but these topologies have a well known risk of direct break-through failures,
as the devices are directly connected across the power source.
Dual-transistor forward converter (DTFC) is more reliable,
and thus attracts a lot of research attention [9]–[11]. In [10],
a zero-voltage transition (ZVT) technique has been presented
for DTFC. In [11], The Input-series and output-parallel (ISOP)
connected DTFC for high voltage input and high current output
applications is investigated.
While many papers have been reported on the soft-switching
techniques of the DTFC, few works has been done on the dy-

Manuscript received November 30, 2011; revised May 02, 2012 and October 09, 2012; accepted November 30, 2012. Date of publication December
20, 2012; date of current version October 14, 2013. This work was supported
in part by the National Natural Science Foundation of China (NSFC 50877001
and 51207001) and in part by the Educational Commission of Anhui Province,
China (KJ2011A044). Paper no. TII-11-902.
W. Fang and X.-D. Liu are with the Key Lab of Power Electronics and
Motion Control, and the College of Electrical Engineering, Anhui University
of Technology, Maanshan 243002, China (e-mail: fwei2k@hotmail.com;
lxdong168@sina.com).
Y.-F. Liu is with the Department of Electrical and Computer Engineering, Queen’s University, Kingston, ON K7L 3N61, Canada (e-mail:
yanfei.Liu@queensu.ca).
Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.
Digital Object Identifier 10.1109/TII.2012.2234471

namic performance improvement of the forward converter. In
fact, there is an increasing requirement for better dynamic performance of the DTFC, such as small output voltage overshoot
and the recovery time, etc. Some work has been done to improve transient response of other topologies. In [12], the theory
of fuzzy logic control and state observer is applied to the current
feedback control of a boost converter. In [13], Proportional-integral (PI) and sliding mode controls are combined to regulate
a fourth-order Cuk converter under large signal variations. In
[14], a sliding mode input-output linearization controller is presented to improve the transient response and disturbance rejection of the zero-voltage switching (ZVS) CLL-T resonant converter. In [15], the window transient enhancement (WTE) and
overshoot suppression (OSS) technique are presented for a current mode boost converter. However, these methods cannot provide the minimum voltage overshoot/undershoot and recovery
time. In [16], by using the principle of capacitor charge balance control (CBC) during a transient event, a digital controller
predicts the optimal recovery time for a buck converter. But it
requires a sampling delay and a complex mathematical computation. In [17] a novel analog CBC controller is proposed
with a low-cost control scheme. Compared to the digital control scheme in [16], the sampling delay is removed. Based on
the principle of CBC, Couples of analog controllers and digital
control algorithms have been reported to improve the dynamic
response of other power converters (such as the Boost converter,
the Buck-Boost converter) [18]–[20]. In [21]–[24], other digital
optimal schemes are discussed for dc-dc converters, however,
these controllers suffer at least one of the following draw backs:
1) complex mathematical functions; 2) slow reaction to load
change, moreover, these controllers are unsuitable for DTFC because that the maximum duty cycle in DTFC is limited by 50%.
In this paper, a new digital control algorithm is discussed for
DTFC to enhance the dynamic performance during a transient
condition. The optimal switching time is predicted by using
the principle of the CBC. Considering the maximum duty
cycle is limited, an approximate calculation is introduced in the
proposed algorithm, which can be extended to other isolation
converters.
The paper is organized as follows. In Section II, the outline
of the algorithm operation is presented in order to analyze the
dynamic response of DTFC. In Section III, the mathematical
analysis is investigated, which is expressed by a simple approximation calculation and some key equations. The implementation of the proposed digital controller is explained in Section IV.
Simulation and experimental results are presented in Section V.
Section VI is the conclusion.
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Fig. 1. Dual transistor forward converter (DTFC).
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Stage 4
: In this stage, the transformer is still
being reset, the load current flows through the free wheeling
diode
.
Stage 5
: During this stage, the transformer is
completely reset and diodes
and
stop conducting. The
voltage on switches
and
decrease to
.
The operation of the next cycle is identical with the five stages
operation described above.
During the transformer reset operation over
, the
voltage applied to the primary-side of the transformer is
.
This fact imposes the restriction, where the maximum duty ratio
of the DTFC is limited to 50%, to avoid the saturation of the
magnetic core in the transformer.
B. The Principle of the Charge Balance Control
Before the introduction of the principle of the CBC, some
assumptions should be considered:
1) the
and
can be neglected;
2) the value of the inductor and capacitor keeps constant;
3) the input voltage keeps unchanged during the transient;
The principle of capacitor charge balance, which is widely
used in steady-state modeling and analysis of dc-dc converters,
means the average value of the capacitor current over one duty
cycle must be equal to zero.

Fig. 2. Main waveforms of dual-transistor forward converter.

II. OUTLINE OF THE ALGORITHM OPERATION
A. The Operation of the DTFC
The Dual-transistor forward converter (DTFC), as shown in
Fig. 1, consists of switches
, diodes
, the transformer , the rectifier diode
, the free wheeling diode
and the output filter circuit.
There are 5 operation stages for the DTFC, and the main theoretical waveforms are illustrated in Fig. 2.
Stage 1
: Before time , the transformer T has
been reset, while the free wheeling diode
conducts the load
current. At time , switches
and
turn on simultaneously,
the load current is commutated from the free wheeling diode
to the rectifier diode
.
Stage 2
: At time , the commutation between
and
is completed. During this stage, the current in and
increases linearly, the power is transferred from the input source
to the load.
Stage 3
: At time , switches
and
turn off
simultaneously, while the clamp diode
and
turn on. As a
result, the transformer T is being reset, the voltage on switches
and
are equal to
. The diode
is inverse biased and
the load current is commutated from
to
before time .

(1)
In (1), represents the voltage of the output capacitor, and
and
respent the beginning of the switching cycle
,
is the output capacitor current over one switching
period during the steady-state. is the value of the output capacitor and
is the switching period of the DTFC.
It should be noted that the (1) can be extended over the transient time of the DTFC by the following equation:

(2)
Where
represents the beginning time of the transient period, and represents the end time of the transient period. If
(2) is satisfied, that means the output voltage returns to the reference voltage after a transient period, furthermore, if the inductor
current
equals to the new load current at time , the DTFC
has recovered from a transient event. Thus this concept can be
used to minimize the voltage deviation and predict the optimal
recovery time.
C. The Key Steps of the Proposed Algorithm
The optimal curves of the inductor current and output voltage
under a positive load current change are depicted in Fig. 3. In
the beginning of the transient, the capacitor has to discharge
because the inductor current cannot change instantaneously. A
portion of the load current is supplied by the capacitor, which
causes the output voltage to decrease from the reference voltage.
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Fig. 3. Optimal dynamic response of a DTFC under a load current positive
step.

As the duty cycle is set to maximum value (50%), the inductor
current rises quickly. Once exceeds the new load current (at
), the capacitor starts to recharge and the output voltage increases. The duty cycle keeps 50% until the inductor current
reaches the peak value (at ). During , the duty cycle will
be set to 0% which drives
to drop with its maximum slew
rate. The DTFC will recover from a positive load step fully (at
) when both of
and
reach their new steady-state value.
After , linear control loop takes over.
Thus, the key steps of the proposed algorithm can be listed as
following:
1) detect a load current change(positive/negative step change)
immediately;
2) change to the optimal control scheme and set the duty cycle
to maximum value 50% (a positive step change) or minimum value 0% (a negative step change), which drives
rise/fall at its maximum slew rate;
3) after
reach its peak point
(calculated by principle
of capacitor charge balance), set the duty cycle to 0% (a
positive step change) or 50% (a negative step change);
4) return to the linear control scheme when the transient ends
at ;
From the Fig. 3, it is clearly that the whole transient period
can be divided into two parts: the duty cycle keeps maximum
(50%) before and the duty cycle varies to 0% until . In other
words, the two parts determine the discharge portion
and
the recharge portion
. Thus, the key point of the proposed
algorithm is to calculate
(determined by ) and
(determined by ) accurately such that the charge of the capacitor
keeps balance at the end of a transient period.
III. MATHEMATICAL ANALYSIS OF THE PROPOSED ALGORITHM

Fig. 4. Approximate calculation of A1, A2 for a positive load step. (a) Example
of approximate calculation. (b) Modified portion of discharge/recharge.

(marked with blue line in Fig. 4(a)), the irregular portions can
be rearranged into triangles (Fig. 4(b)), which are very easy to
calculate.
B. The Equation for the DTFC Undergoing a Positive Load
Step Change
The mathematical analysis for the DTFC undergoing a positive load step change can be described briefly as:
1) detect the load change and estimate the new load current
Once the output voltage exceeds a predefined threshold,
the optimal control scheme is activated. By sensing the
inductor current
and output voltage
at
and (Fig. 3), the new load current
can be estimated
as:
(3)
2) calculate the capacitor discharge portion
As shown in the Fig. 4(b), the rising and falling slew rate
of the inductor current should be modified as:

(4)
Where
are the input and output voltage, represents the turns ratio of the transform.
Based on the new load current
and the
in (4),
and
are obtained in (5):

A. The Method of the Approximate Calculation
Based on the analysis presented in Section II, the discharge
portion
and the recharge portion
should be obtained
firstly, however, as shown in Fig. 3,
and
are irregular graphics which are difficult to calculate. A simple and
effective method (shown in Fig. 4) is introduced to solve this
problem:
Using the principle that the area of a triangle (marked with
red line in Fig. 4(a) is equal to that of its vertical angle triangle

(5)
is the modified inductor current in Fig. 4(b),
In (5),
which is calculated as:
(6)
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Fig. 5. Approximate calculation of A1, A2 for a negative load step.

3) calculate the capacitor charge portion
In order to keep the charge balance of the capacitor at the
end of a transient event,
must be satisfied, where
the capacitor charge portion
can be rewritten as:
Fig. 6. Experimental block diagram of a DTFC with the proposed algorithm.

(7)
The ratio of the

can be derive from (7):
(8)

Thus, by using (5), (7), (8), the optimal transient time
can be given by (9):
(9)
4) calculate
and
Compared the Fig. 3 with the Fig. 4(b), it is observed that
and
can be derived in (10):
(10)
C. The Equation for the DTFC Undergoing a Negative Load
Step Change
A similar analysis can be carried for a negative load step
change based on Fig. 5.
Firstly, the new load current is estimated as:
(11)
Secondly, the charge portion

can be calculated:
(12)

the discharge portion

Fig. 7. Implementation of the load change detector.

Thus, the transient time can be obtained:
(15)
The main differences between positive and negative steps
when applying the proposed scheme, is the change of the duty
cycle during the transient period. If there is a positive step
change, the duty cycle operated with the maximum value 50%
(during time period
) and the minimum value 0%
(during time period ), while under an negative step change,
the duty cycle is set as the minimum value 0% (during time
period
) and the maximum value 50% (during time
period ).
IV. THE IMPLEMENTATION OF THE PROPOSED
DIGITAL CONTROL SYSTEM
The hardware implementation diagram of the proposed
charge balance control algorithms is shown in Fig. 6.
A. The Threshold Detector Design

is:

(13)
Similarly, by using (8), (12), (13), and considering the condition
, the optimal transient time
can be given
by:
(14)

Because it is critical for the load estimation in the proposed
algorithm, a practical threshold detector is used in this paper to
detect the load current change.
In Fig. 7, two ultrafast comparator (TL 3016) are constructed, the amplified voltage
, which is derived from
the voltage error sense Block, and the threshold voltage
and
will be fed to the comparators. In this way, as soon
as the error voltage reached the threshold voltage (set by the
hysteresis of the comparator), the comparator will be trigged,
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Fig. 8. Block diagram implementation of the proposed algorithms in FPGA.

the output will jump from low to high. Thus, the rising edges
can be used to activate the optimal control scheme.
B. The Digital Controller Based on FPGA
As shown in Fig. 8, the proposed algorithm is programmed
by Block diagram method in FPGA [25], [26], with the logic
elements (543), registers (310) and memory bits (118,856).
In Fig. 8, the Clock Module products the clock signals, which
is used in other Modules and A/D sample. The Voltage Mode
Module provides a digital PID controller, with the following
equation:
(16)
Where the coefficients are given as:
(17)
In (17),
are the parameters of the PID controller,
is the sample period.
As soon as the digital duty cycle (12 bits) is obtained, by
using the mixed method of the counter (8 bits) and delay line (4
bits) [27], [28], the DPWM Module converter the digital control
signal to the required PWM signal.
In order to facilitate the calculation of the proposed algorithm,
the LPM_ROM Block is used in the CBC Module to provide a

control data table, which is calculated off-line. In this way, the
digital controller response to the load transient very quickly by
look-up table method.
V. SIMULATIONS AND EXPERIMENTAL RESULTS
In order to verify the performance of the proposed method,
A DTFC, undergoing a load current change, was designed. The
parameters of the DTFC were provided as follows:
,
,
,
,
,
.
A. Simulation Results
Simulation is performed by Matlab/Simulink to verify the effectiveness of the proposed control algorithm. As comparison,
a well-designed digital PID controller (
,
) is also simulated.
(18)
Fig. 9(a) illustrates the different dynamic performance of a
voltage-mode controlled DTFC converter and a CBC controlled
DTFC converter, while a positive load step change (from 3 A
to 6 A). It is observed that, by using the conventional voltage
mode controller, the undershoot of the output voltage is 1.7 V,
and the recovery time is 180 . While using the proposed CBC
algorithm,
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Fig. 10. Photograph of a 100 W prototype.

Fig. 11. Experimental results of positive load transient case 3 A
linear mode controller.

6 A using

Fig. 12. Experimental results of positive load transient case 3 A
CBC controller.

6 A using

B. Experimental Results
An experimental prototype of a DTFC was designed and implemented with FPGA by using the aforementioned algorithm,
which is shown in Fig. 10.

With the same parameters of the DTFC in the simulation,
the maximum of the duty cycle is limited as 48% to avoid the
magnetic field saturation of the transformer’s core.

Fig. 9. Simulation results of output voltage response to a load current change.
6 A. (b) Negative load step change 6 A
(a) Positive load step change 3 A
3 A.

the overshoot is reduced to 0.7 V, which is improved by 54%,
and the settling time is reduced to 40 , which is improved by
77% compared to that of the voltage-mode controlled converter.
For a negative load step change (from 6 A to 3 A), Fig. 9(b)
shows the output voltage response of a voltage-mode controlled
DTFC converter and a CBC controlled DTFC converter. With
the proposed controller, the overshoot is reduced to 0.6 V, which
is improved by 68%, and the settling time is reduced to 28 ,
which is improved by 83% compared to that of the voltagemode controlled converter.
It is demonstrated through the simulation that the settling
time of the converter with proposed algorithm is improved
significantly compared to that of the voltage-mode controlled
converter.
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VI. CONCLUSION
A new digital control algorithm has been presented for improving the dynamic performance of a DTFC. Using the principle of capacitor charge balance, the minimal voltage deviation
and recovery time are derived by calculating the optimal switch
over time. Due to the limitation of the maximum duty cycle of
the DTFC, an approximation calculation is presented to simplify
the design. Both the simulation results and experimental results
demonstrated that the proposed controller had a superior performance when compared to the conventional controller.
It should be noted that the proposed algorithm can also be
applied to other isolation converters, such as half-bridge, fullbridge, active clamped forward converters.
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