° ro[EHT
b [
[JAREEIE
JAREE
o |

— O

e-ISSN: 2278-8875
p-I1SSN: 2320-3765

International Journal
of Advanced Research

in Electrical, Electronics and Instrumentation Engineering

Volume 11, Issue 1, January 2022
s o |

NUMBER
INDIA

INTERNATIONAL
' ‘STANDARD
I b\ \SFRN Impact Factor: 7.282

00 9940572462 © 6381907 438 ljareeie@gmail.com @ www.ijaregie.com



International Journal of Advanced Research in Electrical, Electronics and Instrumentation Engineering (IJAREEIE)

| e-ISSN: 2278 — 8875, p-ISSN: 2320 — 3765| www.ijareeie.com | Impact Factor: 7.282|

| Volume 11, Issue 1, January 2022 ||

DOI:10.15662/1JAREEIE.2022.1101018

Attainment of Efficiency in Bidirectional
DC-DC Switching Power Converter with
SDCM and CCM of Operation

Dr. Mahesh Gowda N M

Department of Electronics and Communication Engineering, PES College of Engineering, Mandya, Karnataka, India'

ABSTRACT: This paper presents an efficiency attainment of bidirectional DC-DC switching power converter in
synchronous discontinues current mode (SDCM) and continuous current mode (CCM) of operation. Non-isolated
bidirectional synchronous DC-DC switching power converter is considered for this study. The circuit is made to
operate in SDCM and CCM of operation, which depends on inductor value of the converter. SDCM of operation occurs
when the circuit inductor value is less than the critical inductor value and CCM of operation occurs when the circuit
inductor value is more than the critical inductor value. SDCM of operation have many advantages like the inductor
size, cost, weight and converter size can be minimized, minimum turn-on loss, low diode reverse recovery loss,
minimum inductor current parasitic ringing effect, and high power density. But it has large turn-off loss and increases
the inductor current ripple. CCM of operation has the advantage of less inductor current ripple. But it increases the
inductor size, cost, weight and converter size. A series of MATLAB scripts are executed to find the inductor value for
SDCM and CCM of operation and to select snubber capacitor for better efficiency.

KEYWORDS : SDCM, CCM, bidirectional, non-isolated, MATLAB script.

I. INTRODUCTION

DC-DC switching power converters are power electronic circuits which transfer one level of electrical voltage
into another level by switching action. These converters are used in numerous fields like Uninterrupted Power Supplies
(UPS), telecommunication purpose, DC machine drives, aerodynamics, hybrid electric and fuel cell vehicles [1][2],
renewable energy system etc. The function of a DC-DC converter is to give a constant DC output voltage from a given
input voltage. The converter is typically required to control the DC output voltage given a range of load currents drawn
and range of input voltage applied. Ideally the DC output is to be clean, that is with ripple current or voltage held below
a specified level. Furthermore, the load power is to be delivered from the source with some specified level of
efficiency. Power inductor selection is an important step to achieve these goals. Inductance is calculated to provide a
certain minimum amount of energy storage and to reduce output current ripple. Using less than the calculated
inductance causes increased AC ripple on the DC output. Using much greater or much less inductance may force the
converter to change between continuous and discontinuous modes of operation. A smaller inductor value enables a
faster transient response; it also results in larger current ripple, which causes higher conduction losses in the switches,
inductor, and parasitic resistances. The smaller inductor also requires a larger filter capacitor to decrease the output
voltage ripple [3]. The turn off loss of the switch induced by SDCM of operation is minimized by connecting snubber
capacitor across the transistor switch. A snubber is an energy-absorbing circuit used to eliminate voltage spikes caused
by circuit parasitic inductance when a switch opens. Design process of snubber circuit for DC-DC converter and six
topologies of snubber circuits were investigated in simulation tests [4]. Before the switch is turned ON, snubber
capacitor requires certain amount of energy must be stored in the inductor to discharge the capacitor energy [5].
Complementary gate control signals are used to control the ON and OFF of main and auxiliary switch. SDCM of
operation due to complementary control gate signal scheme, minimum turn on loss of the transistor switch and low
diode reverse recovery loss are achieved. Thus the Zero Voltage Resonant Transition (ZVRT) of transistor switch is
realized, both turn on and turn off loss is minimized and also removes the parasitic ringing in inductor current. This
paper proposes an inductor and snubber capacitor selection for SDCM and CCM of operation; to achieve this serial of
MATLAB scripts are executed. Finally efficiency comparison between SDCM and CCM of operation is performed.
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II. CIRCUIT TOPOLOGY

A non-isolated synchronous bidirectional switching DC-DC power converter technology is to combine a buck and
boost mode of operation. Complementary gate signal control scheme is used to control the ON and OFF of transistor
switches. The converter is operated in SDCM and CCM of operation. SDCM of operation decreases the inductor size,
cost and weight of the converter. The SDCM of operation introduces more turn-off loss due to the main switch turn off
during higher load current [6]. This is one of the drawback of the inductor size reduction. The inductor current parasitic
ringing will be caused by the oscillation of inductor with device output capacitance during turn off period of switch [7].
This issue due to SDCM of operation will affect the efficiency. The snubber capacitor added across the transistor
switch is to reduce turn off loss. For zero turn-on loss the energy stored in the capacitor need to be discharged before
the switch is turned ON, thus the Snubber capacitor requires certain amount of energy must be stored in the inductor to
discharge the capacitor energy before the device is turned ON. Thus the Zero Voltage Resonant Transition (ZVRT) of
transistor switch is realized. The main advantage of the SDCM of operation is minimum turn-on loss, thus low diode
reverse recovery loss is achieved and also removes the parasitic ringing in inductor current. Thus both turn-on and
turn-off losses are minimized. The advantage of CCM of operation is less inductor current ripple, but it increases the
inductor size, cost and converter weight.

Figure 1 shows the circuit topology, Vi and V. are the source voltage at high side (V) and at low side (V,) voltage
respectively, R, is the internal resistance of Vy, R; is the load resistance at low voltage side. Cy and Cy are the input and
output capacitors to smooth the load current and load voltage, its value is 150 pF. Q; and Q, are MOSFETs with 35
m£2 turn-on resistances, acts as switches with body diode D, and D, respectively. C; and C, are snubber capacitors. L is
the inductor with effective series resistance R;p of 36 mQ.

High Side Voltage

3 (;:ltl.’! )] ,—_]_ 2 Low Side Voltage

I _];:].{\ T Ci

Figure 1. Circuit topology

The inductor average current (I ), voltages at high side (V) and at low side (V,) as per state space equations [8] are

given in equations (1) - (3).
D.Vy-Vi,

L= M

" Ry.D2+Ry+Rp

_ Vy(R2+Rp)+D.R1.VL,

Vi R1.D2+R,+Rp 2
D(Vy.Rz+D.Ry.VL)+Rp.V
Va = HRZ D2+; +LR — G)
1 2 P
Where D is the duty cycle given in equation (4)
VH—\/Vﬁ—zx(IL.Rl)(IL.RZ+1L.RP+VL)
D= 4)

2(IL.R1)

Rp=RysontRrp, Ryson is the MOSFET turn-on resistance and Ryp is effective series resistance of inductor. Here average
inductor current is positive for buck mode and negative for boost mode of operation.
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II1. INDUCTOR SELECTION

The critical inductor (L., value, given in equation (5) [9] allows the converter operate under the boundary

condition between SDCM and CCM of operation.
1 Vin=Vout Vout2
L= —.T.

I Vin =S

(%)
Where Vj, is the input voltage, V, is the output voltage, P, is output power and T; is the switching frequency.

The inductor ripple current (Aly) [10] and the inductor conduction loss (P) [11] are given in equation (6) and
(7) respectively.

— 1 Vin—Vout M
Al = o . Ve Ty (6)
P, = Ijms - Rip @)

Where Rypis the effective series resistance (ESR) of the inductor L and Igys 1, is the rms inductor current given in
equation (8)
ALL?

2 _ 2 4 AL
lrmsL =1L + = (@)
Where I is the inductor average current.
Table 1. Test case for bidirectional mode of operation
Mode of Case Vu VL R; R, I* fow
Operation V) V) Q) (Q) (A) (KHz)
250 110 10m 2 30 50
1 250 110 10m 2 -20 50
Bidirectional 250 110 10m 1 30 50
2 250 110 10m 1 -20 50
260 110 10m 2 30 50
3 260 110 10m 2 -20 50
Table 2. Inductor Selection
Mode | Case Lo Boundary SDCM of operation CCM of operation
of * (uH) Condition
operati Alp P Al isum Prisum Ay 30um Ppsoun
on (A) (W) (A) (W) (A) (W)

18.10 30 35.10 36.20 36.33 18.10 33.38

Bidirec 1 25.20 20 15.60 33.60 17.78 16.80 15.24

tional 20.51 30 35.10 41.03 37.45 20.51 33.66

2 28.80 20 15.60 38.40 18.82 19.20 15.50

19.58 30 35.10 39.17 37.00 19.58 33.55

3 25.57 20 15.60 34.10 17.88 17.05 15.27

* Test cases shown in Table 1 for different values of Vy, Vi, Ry, Ry, and I*

The different test cases for bidirectional mode of operation are given in Table 1. A series of MATLAB script
are executed to find minimum inductor value for SDCM and CCM of operation. The results are tabulated in Table 2.
The switching time considered is 0.02 ms. From Table 2, it is observed that, the minimum and maximum inductor value
at boundary condition is 18.10 uH and 28.80 pH and their corresponding power loss are 35.10 Watt and 15.60 Watt
respectively. Therefore the required minimum inductor value to make the converter to operate in SDCM of operation for
different test cases must be less than 18.10 uH. Hence 15 pH is considered in circuit topology module which ensures
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SDCM of operation in different test cases. This inductor conduction loss lies in the range of 17.78 Watt to 37.45 Watt for
different test cases in SDCM of operation. For CCM of operation the required inductor value must be greater than 28.80
uH. Hence 30 puH is considered in circuit topology module which ensures CCM of operation in different test cases. This
inductor conduction loss lies in the range of 15.24 Watt to 33.66 Watt for different test cases in CCM of operation.

IV. SNUBBER CAPACITOR SELECTION

To minimize the turn-off loss in large extent, large value of snubber capacitor is required which minimizes drain
current during turn-off period, but it may lead to more turn-on loss, because it will not discharge fully during turn-on
period. The snubber capacitor is selected in such a way that it must minimize total turn-on, turn-off and snubber
capacitor loss. During switch turn ON time, capacitor voltage fully discharges when the inductor stored energy is greater

than the capacitor energy storage ability. This leads to minimum turn ON loss. The charge balance of CV? and %Llf is

used for snubber capacitor design as given in equation (9) for minimum turn ON loss.
CVZ< 2 LI ©)

The above equation is modified for snubber capacitor value as given in equation (10) to minimize switching turn on
loss as well as snubber capacitor loss.

c<os.L () (10)

Where C= snubber capacitor, V= capacitor voltage, L= Inductor and I} = inductor average current.

The power loss in snubber capacitor is given in equation (11) [12]
1
P_Csny = 5. Cs. Vis- fiw (11)
Where C; is the snubber capacitor, Vpg is the maximum voltage across the switch and f, is the switching frequency

The snubber capacitor is optimized for minimum power loss across it and for minimum switch turn on loss to
improve the efficiency. For this, series of MATLAB script are executed and results are tabulated in Table 3.

Table 3. Snubber capacitor selection in SDCM of operation

Mode of VIZVDS CSNU E_CSNU E_40nf E_l SHH P_CSNU P_4()nf
operation Case* V) (nF) [CS.Vlz] (Joule) [l_ L.1 f] W) W)
2
(Joule) (Joule)

249.79 108.18 0.0067 0.0025 0.0067 337.50 124.79

Bidirectio 1 250.05 47.97 0.0030 0.0025 0.0030 150 125.05
nal 249.82 108.15 | 0.0068 0.0025 0.0068 337.50 124.82

2 250.07 47.97 0.0030 0.0025 0.0030 150 125.07

259.80 100.0 0.0067 0.0027 0.0067 337.50 134.99

3 260.05 44.36 0.0030 0.0027 0.0030 150 135.25

* Test cases shown in Table 1, for different values of Vg, Vi, Ry, R,, and I*

From equation (11) the power loss in snubber capacitor is directly proportional to snubber capacitor value,
drain to source voltage of MOSFET and switching frequency, so it is better to select minimum value of snubber
capacitor for maximum efficiency. From the Table 3 for SDCM of operation, it is observed that, the minimum snubber
capacitor value for maximum capacitor voltage is 44.36 nF and the corresponding power loss through it is 150 Watts. To
satisfy equation (9), for all different test cases, a snubber capacitor of 40 nF is considered in circuit topology module
which ensures that the capacitor is fully discharge before the switch is turned on, which minimizes the switch turn-on
loss.
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Table 4. Snubber Capacitor selection in CCM of operation

Mode of A\ 1 ZVDS CSNU E_CSNU E_85nf E_3OP.H P_CSNU P_85nf
operation Case* V) (nF) [Cs. V2] (Joule) [l L2 W) W)
2
(Joule) (Joule)
24979 | 21636 | 00135 | 0.0053 | 0.0135 675 265.18
B‘d“elc“" 1 25005 | 9595 | 0.0060 | 0.0053 | 0.0060 300 265.74
na
24982 | 21630 | 0.0135 | 0.0053 | 0.0135 675 265.26
2 250.07 | 95.94 | 0.0060 | 0.0053 | 0.0060 300 265.77
259.80 | 20001 | 0.0135 | 0.0057 | 0.0135 675 286.86
3 260.05 | 8872 | 0.0060 | 0.0057 | 0.0060 300 287.41

* Test cases shown in Table 1, for different values of Vy, Vi, Ry, Ry, and I*

From the Table 4 for CCM of operation, it is observed that, the minimum snubber capacitor value for maximum
capacitor voltage is 88.72 nF and the corresponding power loss through it is 300 Watts. To satisfy equation (9), for all
different test cases, a snubber capacitor of 85 nF is considered in circuit topology module which ensures that the
capacitor is fully discharge before the switch is turn on, which minimizes the switch turn-on loss.

V. EFFICIENCY CALCULATION

Majority of losses in DC-DC switching power converter is from device conduction (MOSFET and diode),
switching (MOSFET), inductor and from snubber capacitor. The switch conduction loss and diode conduction loss are
given in equations (12) and (13) respectively [6]

Pyw_con= L (0.75+0.0031,,) (12)

Py con= I (14+0.00161,) (13)

Where I, and I, are total switch rms current and total diode rms current respectively, given in equation (14) and (15).

L= Isw-upper + Lsw-tlower (14)
Iy= Id-upper + Tdtower (15)

Where Lgy-upper and  Igy-1ower are upper and lower switch rms current, given in equations (16) and (17) respectively. Iy upper
and Igjower are upper and lower diode rms currents given in equations (18) and (19) respectively. Igy_upper =

D
Ipeak . \[; (16)

1-D

Isw-tower = Imin- 3 17

1-D
Id—upper = Inin- 3 (18)

D
la_1ower = Ipea\k- \/; (19)

Where I and I, are inductor peak current and inductor minimum current, given in equations (20) and (21)
respectively.
Ipeak =1, + Al (20)
Imin =10 — AlL 21
Where I} and Al are given in equations (1) and (6) respectively
Switching loss in converters occurs during switching transitions and is due to the nonzero product of the
switch drain-to-source current and drain-to-source voltage and it is given in equation (22)[13]. There is another
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switching loss due to discharging of drain to source capacitor of the MOSFET during turn on; this is given in equation
(23) [13].

1
Pow1 = 3" Vot lon- fsw (Ton + Totr) (22)

Where Vis the drain to source voltage when the MOSFET is off, 1, is the drain current when the MOSFET is on and
fw 1s the switching frequency. The MOSFET on and off times, T, and T, are obtained from data sheets.

1
Pow, = P Cgs- ngf' fow (23)

Where Cy; is the drain to source capacitor of the MOSFET, its value is obtained from datasheet.

The efficiency is calculated by equation (24)
%o ] X100% 24)

Po+Psw _contPd_contPswi+Psw2+PL+P_Csnu

’rl:

Where P, = 1,.V,, is the output power. I, and V, are the output current and output voltage respectively. P, and P_Cgyy
are inductor and snubber capacitor loss given in equation (7) and (11) respectively.

VI. EFFICIENCY COMPARISON IN SDCM AND CCM OF OPERATION

Table 5. Efficiency in SDCM and CCM of operation

Mode of Case SDCM, L=15 uH CCM, L=30 uH Naitr

operation * Tpeak Linin Al n Tpeax Linin Al n (%)
(A) (A) (A) (%) (A) (A) (A) (%)

Bidirectional 1 66.20 -6.20 36.20 | 95.61 48.10 11.89 18.10 93.38 2.22

Buck 2 71.03 -11.03 | 41.03 94.80 50.51 9.48 20.51 92.11 2.68

3 69.17 -9.17 39.17 95.40 49.58 10.41 19.58 93.00 2.40

Bidirectional 1 13.60 -53.60 | 33.60 88.18 -3.19 -36.80 16.80 81.61 6.56

Boost 2 18.40 -58.40 | 38.40 | 90.59 -0.79 -39.20 19.20 85.10 5.48

3 14.10 -54.10 | 34.10 87.56 -2.94 -37.05 17.05 80.58 6.98

* Test cases shown in Table 1, for different values of Vg, Vi, Ry, Ry, and I*

Table 5 shows the efficiency comparison among SDCM and CCM of operation for different test cases shown in
Table 1. From the obtained results, it is noticed that the efficiency in SDCM is more than CCM of operation. But
inductor ripple current is more in SDCM of operation than in CCM of operation. Comparison of efficiency and inductor
ripple current between SDCM and CCM of operation is shown in Figures 2.

Efficiency in %o
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95 o
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IJAREEIE © 2022 | AnISO 9001:2008 Certified Journal | 175


http://www.ijareeie.com/

International Journal of Advanced Research in Electrical, Electronics and Instrumentation Engineering (IJAREEIE)

|5 ey | e-ISSN: 2278 — 8875, p-ISSN: 2320 — 3765| www.ijareeie.com | Impact Factor: 7.282|

IJAREEIE

| Volume 11, Issue 1, January 2022 ||

DOI:10.15662/1JAREEIE.2022.1101018

Efficiency in %o
92

90 -

88

86 = 1 - SDCM

84 M n-CCM

82

80

F8 A

76

74

Casel Case2 Case3

(b)

Figure 2. Efficiency attainment in bidirectional mode of operation
(a) Buck mode of operation (b) Boost mode of operation

VII. CONCLUSION

The paper presents a high-efficiency non-isolated bidirectional synchronous DC-DC switching power

converter. The converter is made to operate in Synchronous Discontinues Current Mode (SDCM) and Continuous
Current Mode (CCM) of operation. A serial of MATLAB script are executed to find the snubber capacitor and inductor
value for SDCM and CCM of operation. A complementary gate signal control scheme is used to turn on and off the
transistor switch. Anti-parallel diode of the transistor switch helps to discharge the capacitor. Efficiency in SDCM and
CCM of operations for different test cases are carried out. From the obtained result, it is observed that, the efficiency is
more in SDCM of operation than in CCM of operation. So, SDCM of operation is the best choice for maximum
efficiency and to minimize the size, cost and weight of the converter.
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