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1. INTRODUCTION

For remote areas, microgrid or standalone generation is needed due to the lack of distribution
infrastructure from the main power system. In this case, renewable energy sources are a suitable solution.
Renewable energy, especially photovoltaic, produces low-level voltage. In most applications, this low
voltage is mandatory to be stepped up, which is commonly done by a boost converter. A conventional boost
converter has a low input current ripple that is suitable for photovoltaic applications. The other applications
that use a step-up converter are battery charging/discharging and a pico-hydro power system. In an AC motor
drive, a step-up converter is used because a high-voltage DC link allows a linear modulation index range can
be used in the inverter to produce low harmonic output current.

A new converter has been proposed in [1]-[4]. The converter has a function to level up the input
voltage, similar to a conventional boost converter. The converter topology is obtained by rearranging the
components of the conventional boost converter, i.e., by shifting the negative terminal of the output capacitor
from the common ground to the input positive terminal. The resulting converter is named as restructured boost
converter (RBC) [1]. This converter can also be obtained from the buck-boost converter topology [2]. Although
the efficiency of RBC is only slightly higher than that of a conventional boost converter, the main benefit is less
voltage stress on the output capacitor. The capacitor failure rate is a cubic function of the ratio of the operating
voltage to the rated voltage. Therefore, by using capacitors with a similar voltage rating, RBC offers a longer
lifetime expectation compared to a conventional boost converter. RBC has been used in [3], [4] as part of a

Journal homepage: http://ijpeds.iaescore.com


https://creativecommons.org/licenses/by-sa/4.0/

Int J Pow Elec & Dri Syst ISSN: 2088-8694 O 2501

semi-two-stage photovoltaic inverter, which gives higher efficiency compared to a two-stage inverter topology.
The DC-DC converter is operated when the photovoltaic voltage is lower than the grid voltage.

To regulate the output voltage under various conditions (load, input voltage, and converter
components variations), a pulse width modulation (PWM) converter needs a control circuit. The control is
built upon the model of the converter. A PWM converter contains passive and active components. The passive
components can be an inductor and a capacitor, and the active components are a transistor and a diode. The
active components are used as a switch, which is activated by a PWM signal. The PWM signal has two
conditions, i.e., ON and OFF. To produce a single equation model, the averaging technique is used. We
already know two averaging techniques, i.e., state space averaging and circuit averaging techniques. State
space averaging produces a linear equation for the buck converter and nonlinear equations for boost and buck-
boost converters. Linearization is needed for the last two converters if linear control is used. State space
averaging has been used to design modern control, e.g., adaptive control, dynamic evolution control, linear
quadratic regulator (LQR) control, active disturbance rejection control, feedback linearization, sliding mode
control, and fuzzy logic control [5]-[15]. Circuit averaging produces a linear transfer function that can be used
to design linear control, such as proportional integral derivative (PID), pole placement, and lead-lag controls.
In circuit averaging, we will get the linear equation directly for all converters. Compared to state space
averaging, circuit averaging is relatively simple and gives an easy understanding of the converter behavior.
This method has been used to model buck, boost, buck-boost, SEPIC, Cuk, and impedance source converters
[16]-[24] by modeling the transistor as a current-dependent current source and the diode as a voltage-
dependent voltage source. Circuit averaging gives transfer functions of duty cycle to output voltage and
inductor current, transfer functions of input voltage to output voltage and inductor current, and input and
output impedances. In this paper, the RBC model in continuous conduction mode (CCM) is proposed. The
model is based on the circuit averaging technique. Comparison to a conventional boost converter is presented.
Power simulation (PSIM) simulations and laboratory experiments are used to clarify the converter modeling.

2. SMALL-SIGNAL MODELING OF RBC

The circuits of the conventional boost converter and RBC are shown in Figures 1(a) and 1(b),
respectively. Both converters are almost similar and use similar components, i.e. transistor S, diode D;,
inductor L, and capacitor C. The transistor, diode, and inductor are connected in a similar configuration. The
difference is that the negative terminal of the RBC output capacitor is connected to the positive terminal of
the input, not to the negative one, as in a boost converter. Practically, all components are ideal. The non-
idealities are represented by inductor equivalent series resistance (ESR) r;, capacitor ESR r¢, diode forward
resistance Ry, and the transistor on resistance ryy.

(b)

Figure 1. The circuits of: (a) a conventional boost converter and (b) RBC

Figures 2(a) and 2(b) represent the small signal models of a conventional boost converter in CCM
operation and RBC, respectively. Here, V,, and v, are the DC and AC elements of the output voltage, and V;
and v; are the DC and AC elements of the input voltage, respectively; I, and i; are the DC and AC parts of
the inductor current, and i, is the AC element of the output current; D and d are the DC and AC elements of
the on-duty cycle of the switch; and R is the load resistance. To get the transfer functions of the duty cycle
to the output voltage v,(s)/d (s) and the duty cycle to the inductor current i, (s)/d(s), we set v; = 0 and
i, = 0. Then the circuits in Figures 2(a) and 2(b) will produce a similar circuit as shown in Figure 3, and the
resulting transfer functions become similar. Because of this, we can implement the control of a conventional
boost converter to RBC directly. From [25] we get:

(1+mizn)(1—a%p)
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vi=ip=0 1+i—is+(wio)2

_ vo(s)
T,(s) = )
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Figure 2. Small signal models of (a) CCM boost converter and (b) CCM RBC

Figure 3. Small-signal model for RBC and conventional boost converter to determine the transfer functions
of duty cycle to output voltage and inductor current

The transfer function of duty cycle to inductor current is (8):

S
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By setting d = 0 and i, = 0 we get the circuits for boost converter and RBC as displayed in
Figures 4(a) and 4(b), respectively. The input voltage to output voltage transfer function of conventional
boost converter is (11):

(s) = 2 (452 b) (11)
M, (s) = 2= = ———znb’ 11
? vi®lgziy=o )
where
(1-D)RL
YO T RL(1-D)2+r (12)
1
Wznp = C_rc (13)
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Figure 4. Small-signal models to determine the transfer function of input voltage to output voltage and
inductor current: (a) conventional boost converter and (b) RBC

The transfer function of input voltage to output voltage for RBC is:

rC+rcC(1-D) 5 LC

(s) 1+s — +5°—
M,(s) = =2 =M 1-D 1-D (14)
L S Y S

The transfer function of input voltage to inductor current for conventional boost converter is:

. 14— )
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In the case of the RBC, the transfer function related to input voltage to inductor current is given by:
. 14— )
M...(s) = 28 =M, —( Ozim 1
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From (15) and (18), we know that the transfer functions of input voltage to inductor current of the
conventional boost converter and RBC have a similar characteristic equation. However, the difference can be
seen at the zero location. The zero of the boost converter is located closer to the imaginary axis compared to
the zero of RBC. As a result, the response of the boost converter has a higher overshoot than RBC.
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Additionally, from (11) and (14), it can be observed that the boost converter and the RBC exhibit
similar magnitude in their input-to-output voltage transfer functions, denoted as My,. Likewise, (15) and (18)
indicate that the magnitude of the transfer function of input voltage to inductor current M, is also similar. It
implies that both converters exhibit similar output voltage and inductor current steady state responses to input
voltage variations. However, their transient responses differ due to the difference in zero locations.

3. RESULTS AND DISCUSSION

To clarify the converter models, we conduct PSIM simulations and laboratory experiments.
Figure 5 shows the experimental setup. The converter is made of an inductor L of 2.1 mH, inductor ESR 7, of
0.5 Ohm, a capacitor C of 47 uF, capacitor ESR 7 of 0.5 Ohm, IGBT FGL40N120AND with r,, = 0.2
Ohm, diode forward resistance R of 0.5 Ohm. The load resistance is 200 Ohms and the input voltage is
48 volts. The duty cycle is programmed in the digital signal processor (DSP) TMS320F28379D from Texas
Instruments. The switching frequency is 10 kHz. The inductor current is sensed by the ACS712 current
sensor, and the input and output voltages by the Hantek differential probe HT8050.

5 : » ] \ - <)
Sensor —‘\ ‘ (B Gate Driver
Power FSLZENEES R\ Power Supply
Suppl o e .

Figure 5. Experimental setup

The output voltage and inductor current responses to a step change in the duty cycle are depicted in
Figure 6, where the duty cycle is changed from 0.6 to 0.65. The comparison of the converter model in (1) and
(8) to the experimental results shows that the agreement between them can be appreciated, as shown in
Figure 7, with Figure 7(a) for the output voltage and Figure 7(b) for the inductor current. Figure 8 presents
the output responses to a step change in input voltage from 48 V to 58 V, for the output voltage and inductor
current in parts Figures 8(a) and 8(b), respectively. The plots reveal that the RBC has lower overshoot than
the boost converter, which is consistent with the prediction in the previous section. The PSIM simulation
results depicted in Figure 9, where Figure 9(a) presents the output voltage and Figure 9(b) displays the
inductor current, further reinforce this finding, confirming the model’s accuracy.

Tek Him M Pos: 542.1ms MEASURE
SR : ; : H : : : : CH3
hean
2,300
CH1 Off
Periad
CH1 Off
Pas Width
CH4
hean
124y
CHz2 Off
z : : : : hean
§+ - . . . .
M 250ms CH1 .~ 3E0mY

CH3 S00mY  CHA 10.0% 10-tdar—25 152 <10Hz

Figure 6. The responses of the output voltage (upper signal) and the inductor current (lower signal) to duty
cycle step change
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Figure 7. Output responses to duty cycle step change (black trace: converter model and green trace:
experimental result): (a) output voltage and (b) inductor current
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Figure 8. The output responses to the input voltage step change of the boost converter (red trace) and RBC
(black trace): (a) output voltage and (b) inductor current
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Figure 9. The output responses to the input voltage step change (black trace: converter model and green trace:
simulation): (a) output voltage and (b) inductor current

Figure 10 exhibits the experimental results of the converter responses to variation in input voltage.
The input voltage in this case is obtained from a three-phase source and rectifier without an output filter. The
respective input voltage signal and the inductor current are shown in Figure 10(a), and their associated output
voltage response is shown in Figure 10(b). Figure 11 presents a comparison between the experimental results
and the converter model, with part (a) showing the output voltage and part (b) showing the inductor current.
However, we can see a discrepancy in Figure 11(a) because in the experiment, the used switching frequency
is not so high with respect to the input frequency.
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Figure 10. RBC output responses to input voltage variation: (a) input voltage (upper signal) and inductor
current (lower signal) (b) output voltage (upper signal) and inductor current (lower signal)
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Figure 11. RBC output responses from converter model (black trace) and experimental result (green trace):
(a) output voltage and (b) inductor current

4. CONCLUSION

Circuit averaging technique has been used to obtain the transfer functions of duty cycle to output
voltage and inductor current and input voltage to output voltage and inductor current of RBC. The RBC
transfer functions of duty cycle to output voltage and inductor current are similar to standard boost converter.
Therefore, RBC can adopt similar control design to that of standard boost converter. In comparison to
standard boost converter, the RBC transfer functions of input voltage to output voltage and inductor current
exhibit reduced overshoot. However, the steady-state responses of the RBC are similar to those of standard
boost converter.
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