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Abstract— A new control logic is constructed for
bidirectional  buck-boost  converter (BBC) through
mathematical modeling and implemented in Simulink. The
BBC bridges 12 V and 24 V in dual battery automotive systems
to meet the power load requirements of advanced automotive
electronics. From mathematical modeling, gains of
proportional, integral, derivative with filter (PIDN) control law
are obtained. Mode selection circuit is developed for Buck and
Boost mode control. For each mode of operation, separate
PIDN control law and pulse width modulation ( PWM) system
is developed in control topology under voltage feedback control
method. Auto mode transition is realized based on DC bus
voltage. Load and line regulations in both buck and boost
mode of BBC are realized based on load voltage. The
constructed control logic offers accurate bidirectional voltage
regulation which ensures precise power transfer in both the
directions. Battery charging and discharging characteristics
are realized.PIDN control law is compared with proportional,
integral, derivative (PID) control law.

Keywords— Closed loop control, DC-DC converter, Battery
management, automotive system, PIDN control.

I. INTRODUCTION

In automobile industries, a strict emission regulations are
increasing. Also a power load requirements of advanced
automotive electronics and the conversion from mechanical
components to electronics functions are growing[1]. The
traditional 12V automotive battery has reached its current
carrying capacity[2]. In response to it, 24V electrical system
finds itself an important role to deliver more power at lower
currents than a traditional 12V battery can produce alone.
The 24V Electrical system answers 12V limits. This
configuration consists of two separate branches. The
traditional 12 V bus utilizes a conventional lead-acid battery
for customary loads such as lighting ,windows and
infotainment ; While the 24V system can support heavier
loads such as starter generator units, air-conditioning
compressors, active chassis systems, electric superchargers,
turbochargers and regenerative braking. Bidirectional buck-
boost converter bridges the 12V and 24V systems as shown
infig.1.
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Fig.1 Bidirectional buck-boost converter for

management in automotive systems.
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This results in lighter-weight vehicle which is more fuel
efficient and emits less carbon dioxide. The 24V system
saves weight in the wiring harness. A higher voltage allows
for smaller wire gauge which reduces cable size and weight
by reducing current level without reducing performance.
Along with bidirectional buck-boost converter, traditional 12
V battery and DC bus of 24V (where battery can be
connected) round out the dual-battery system to deliver up to
5KW of available power. Bidirectional power transfer is
required to charge either battery if its discharged and provide
extra power for the opposite voltage bus in an overload
condition[3]. For power transfer from the 24V DC bus to the
12V battery, buck converter is used[4][5]. While power
transfer from 12V battery to 24V bus, boost converter is
used. These are well-known in power electronics, but
designing two separate converters takes valuable board space
and increase system complexity and cost[6][7]. Typically
12V and 24V dual-DC power system can be implemented
using digital control scheme which includes discrete
components like voltage sensors, gate drivers and protection
circuits. As an alternative, there is mixed architecture where
microcontroller handles higher-level intelligent management
and an integrated analog controller.24V bus can provide up
to 5kW of power for driving various systems[8].

Il. MODELING AND CONTROL METHOD

In this section, Bidirectional buck/boost converter
(BBC) is modeled using state space average large signal
modeling approach to obtain transfer function. Since BDC
works in two modes, buck mode in one direction and boost
mode in another direction, state-space modeling is applied
separately for each mode to obtain transfer function
separately for each mode. Working of BBC is depicted in
the table I.

Table I. Working of BBC

Mode of
operation Devices ON Devices OFF | Power flow Battery state
Boost mode S2 S1 From Battery
followed by | followed by | battery to discharging
D1 D2 DC bus
Buck mode Sl S2 From DC Battery
followed by | followed by bus to charging
D2 D1 Battery
Simulink and MATLAB are chosen as modeling,

implementation and test platforms. To begin with, the state




space modeling is fundamentally represented in (i) and (ii),

where A, B, C, D are the system matrix, x is the state

variable, X’ is the state variable derivative, U is the input, and

y is the output. The fundamental BBC circuit is shown in

fig.2. And its design specifications are given in table I1.
X'=Ax +Bu (D)

y =Cx +Du (i)

Table Il. Specifications of BBC

Parameter Value
DC Bus voltage (Vbus) 24V
DC Bus current (lyys) 3A
Battery voltage (Vgar) 12V
Switching frequency 20 KHz
(Fs)
Load voltage (Vo) 24V
Load Current (l) 24 A
Duty Cycle (d) 0.5
Inductor (L) 1000 pH
DC bus capacitor (Cyys) 250 pF
Load resistor (R) 10Q
Capacitor across 125 pF
battery (Co)
Battery resistance (Roar)= N_S*Rm.e, = E"30 mQ 0.18Q
Np 1
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Fig. 2. Bidirectional buck/boost converter (BBC)
fundamental circuit
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A. Boost Mode

During ON state, the inductor is charged through Vbatt
defined in (1).there is no current flow to the capacitor and
resistor in this state, where i, is zero as defined in (2).

di
Vbatt =L—-......... 1
it @
av. Vv
0=C c C o, 2
bus dt R ( )

The state derivative of i, and Vc are obtained by
rearranging (1) and (2).the state space matrix A and B in
(5) for boost mode in ON state can be formulated using (3)
and (4)

1
Xl_EVbatt ......... 3)
1
X, =— Xy reenns 4
’ Rcbus ’ ( )
~ |0 0 1
{X{} , 1 F}EVbatt ..... (®)
X2 RC X2 O

When converter enters ’OFF’ state condition in boost

mode .
V. —Vbatt—Li (6)
c g
. dv. V
i =C. —S+-X ... 7
L bus dt R ( )

Its derivatives are obtained as shown in (8) and (9) by
rearranging (6) and (7).

. 1 1
X1 = —E X2 +Evbatt""(8)
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X, =— - X, (9
? Cbus Xi RCbus ? ( )

The state space matrix A and B are formulated using
(8) and (9) in (10).

1
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The average of boost mode state space A and B matrix for
its ‘ON’ and ‘OFF’ state can be formulated with the account
of switching duty cycle ‘d’. The completed boost converter
state space model is shown in (11) and (12).
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bus bus
To obtain the output state of Vcand i_, the output state
space for C and D matrix is shown in (12)

2 o

Continuous-time transfer function of BBC in boost mode
obtained from egn (11) and (12) by considering the design
specifications and parameters of BBC given in table 11, is
shown in eqgn (13) .
~ 2*10°

S?+400S +1*10°
Equation 14 represents transfer function of PID control with
gains of kp = 4.6228, ki = 1.0392e+03, kd = 0.0041 and
filter co-efficient ‘N’=1.7031e+06.1t is obtained for transfer
function of BBC shown in eqn (13).It’s ideal PID control
function. This results in ripple in the out signal as shown
Fig. 11.1 and also it results in lower bandwidth and system
gain that in turn results in slow dynamic response. Therefore
to improve bandwidth and system gain, filter co-efficient to
be considered to develop transfer function. So by
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considering value of ‘N’ which is obtained from tuning
process i.e. N=1.7031e+04 the transfer function of PIDN is
obtained as shown in the equation 15.

6947 s® + 7.874e® s + 1.77¢€° a4

PID= 5 5
s° +1.703e" s
2 4 7
PIDN=C(s)=74'055 2+7.977e f+1.77e ...(15)
s° +1.703e" s
B. Buck Mode

During ON state of S1 ,state variables Vc and i, are
defined in (16) and (17).

V. =V, — L(jj—ltL ...... (16)
i —c, Me Ve an
dt R,

Derivatives of state variables Vc and i, are given in (18)
and (19)

. 1 1
XL =——X2o+—V,_ _...... 18
L 2 L bus ( )
X, = L1 X, .....(19)
CO RbattCO

The state space matrix A and B are formulated using
(18) and (19) in (20).
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During OFF state of S1 , Vbus=0 therefore, the
derivatives x1’ and x2’ are given in (21) and (22).

2 T~ s -~ ‘2

Co . RbattCO i

The state space matrix A and B are formulated using (21)
and (22) in (23)

X' 0 _% X 0
1 —_—
[Xz } 11 |:X2:|+|:0:|Vbus .......... (23)
CO RbattCO

The average of buck mode state space matrix A and B for
its ‘ON” and ‘OFF’ states can be formulated along with duty
cycle ‘d”and is given in (24)

110 —% d
1| %14 T [Vbus.....(24)
XZI i — 1 X2 O

CO RbattCO

To obtain the output state of Vc and i, , the output state
space for C and D matrix is shown in (25).

zl} = [(1) ﬂ [\'/L } + [g}vbus....(zs)

Continuous-time transfer function obtained from eqn (24)
and (25) by considering the design specifications and
parameters of BBC given in table 11, is shown in eqgn (26) .

2*10°
S RN 26
S? +400S +1*10° (26)
pIp - 3135 s? +2.443e° s + 7.167¢°

Equation 27 represents transfer function of PID control with
gains of kp = 3.1393, ki = 921.1756, kd = -0.0040 and filter
co-efficient ‘N’=778000.31. It is obtained for transfer
function of BBC in buck mode as shown in egn (26).It’s
ideal PID control. This results in ripple in the out signal as
shown Fig. 11.2 and also it results in lower bandwidth and
system gain that in turn results in slow dynamic response.
Therefore to improve bandwidth and system gain, filter co-
efficient to be considered to develop transfer function. So
by considering value of ‘N’ which is obtained from tuning
process i.e. N=778.31 the transfer function of PIDN is
obtained as given in the equation( 28).

9 o2 5
PIDN=C(s)= 3.793e 52 + 3364 s + 7.16%e
S° +778.35s

I1l. SIMULATION

MATLAB R13a tool was used for simulating the
controller with Bidirectional buck-boost converter (BBC) as
shown in the figure.4 and it is having the specification shown
in the table Il. Simulation is used for verifying the controller
characteristics of generating PWM pulses for switch (S1) and
switch (S2) of BBC based on status of DC bus voltage and
ensuring stable DC voltage of 24V over DC Bus[11]. This
involves auto transition of buck mode to boost mode and
vice versa. Such auto transition offered by the controller is as
shown in figure.5 and it is made up of PWM circuit, PIDN
control law, comparator and mode selection logic.

...(28)

A. Power stage

The power converter ‘BBC’ is half bridge converter as
shown in Fig.3.1t has two switches. In this BBC topology,
MOSFET is used as switch. In each direction of power flow,
one particular switch is operating with different duty cycle of
control signal therefore each particular switch is driving with
separate PIDN control law and hence separate PWM block is
designated for it.In addition BBC consists of filter section
where one inductor (L) and two capacitors; one is at battery
side called as Cy, and another one is at load side called as
Cbus. BBC pumps the power from DC bus side to battery to
charge it with constant current and voltage when sufficient
power is available at DC bus side for load (R)[12]. When
there is no sufficient power for load from DC bus, then BBC
pumps power from battery to load with constant current and
voltage. The BBC which is single converter works as a two



converter therefore its compact and efficient. But the difficult
part is the design of controller for such converter.
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Fig.3. Power stage of BBC with closed loop control

. Controller

The controller circuit designed for bidirectional buck-
boost converter is as shown in Fig.4 .The BBC shown in
Fig.2 works in two modes for bidirectional power flow.
For each direction of power flow, one particular switch
has to operate with particular control
signal[13].Therefore to generate such particular control
signal, separate PIDN control logic with designated
PWM circuit is required and it is as shown in Fig.2 for
each mode of operation. Since voltage mode control is
used in closed loop control to regulate battery charging
and discharging as well as to regulate DC bus voltage,
load voltage is sampled using voltage divider circuit
shown in Fig.3.By using comparator circuit shown in
Fig.5 ,the sampled load voltage is compared with
reference voltage(3V) which is a scaled down version of
load voltage. This is made so since digital controller
works in low voltage in the range of 1.8V to 5V.Further
it is scaled down to 1/reference voltage since control
logic i.e. PIDN works in the bandwidth of ‘0’ to ‘1’ unit.
The error signal produced by the comparator is used in
PIDN control logic circuit shown in Fig.6 for buck mode
control and Fig.7 for boost mode control. Each PIDN
control logic circuit has different gains with filter co-
efficient (N).The output of PIDN control signal is fed to
the PWM circuit shown in Fig.8 for buck mode control
and figure.9 for boost mode control. These PWM signals
which are generating upon load voltage fed to the
gateway called as mode selection circuit as shown in
Fig.10. It is logic circuit which transfers PWM signals
for switches in BBC based on DC bus voltage. It
transfers PWM signal from PWM systeml shown in
Fig.4 to switch ‘sl1’ to operate BBC in buck mode to
charge the battery when DC bus voltage = 24V.In case
DC bus voltage < 24V,It transfers PWM signal from
PWM system2 shown in Fig.4 to switch ‘s2’ to operate
BBC in boost mode to discharge the battery in order to
regulate DC bus voltage at 24V where load is connected
and hence load gets stable voltage.
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Fig.4. Controller for power stage of BBC
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Fig. 5. Logical block of comparator
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Fig.6.Functional block of PIDN controller for buck mode control
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Fig.7.Functional block of PIDN controller for boost mode control
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Fig. 9. Logical bock of PWM for boost mode control signal
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IV. RESULTS AND DISCUSSION

Simulation and hardware results of BBC are presented in
this section.BBC works in two modes like Boost mode and
buck mode. Controller determines the mode of operation
based on DC bus voltage. This controller contains PIDN
control law for boost and buck modes. The impact of PID
control and PIDN control on load voltage during boost mode
of operation of BBC is shown in Fig. 11.1.Similarly The
impact of PID control and PIDN control on load voltage
during buck mode of operation of BBC is shown in Fig. 11.2
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Fig.11.1 Simulation output of BBC with PIDN and PID control
in boost mode
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Fig.11.2 Simulation output of BBC with PIDN and PID control
in buck mode

A. Boost Mode

The BBC works in boost mode when DC bus voltage <
24V.In boost mode ,control circuit generates PWM signal
for the switch‘S2’ therefore battery as source voltage starts
discharging and hence BBC boosts the battery voltage(12V)
to the level of DC bus voltage (24V). Fig.12 represents
battery characteristics in boost mode of operation where state
of charge (SOC) of the battery is falling .This clearly
indicates that the battery is discharging to boost up the
voltage by the BBC [9].Battery with 12V pumps the current
of 5A to maintain 24V across load of 10Q with 2.4 A.

Fig.13 represents dynamic and steady states of BBC in boost
mode at DC bus voltage of 15V.Since DC bus voltage is <
24V the controller stops generating PWM signal for the
switch ‘s1’ and starts generating PWM signal for the switch
‘s2’ as shown in Fig.13.

Fig.14 represents steady state of BBC in boost mode.
Wherein control signals, inductor voltage and current, load

voltage and battery voltage are depicted. According to the
waveforms in Fig.14, when switch ‘s2” is ON with control
signal ON, inductor current increases with battery voltage
and hence inductor stores the energy by the virtue of current
through it.When the switch ‘s2’ is OFF with control signal
OFF, voltage across inductor (12V) and battery voltage
(12V) adds up and fed to the DC bus to maintain 24V for
load. As it is seen in Fig.14,duty cycle of the control signal is
less than 50% since fully charged battery voltage is 13.9V
therefore 5.3A of current is forced for load to maintain 24V
across it.In the same way as it is seen in Fig.14.1, duty cycle
of the control signal is more than 50% since fully charged
battery voltage is 10.7V therefore 7.1A of current is forced
for load to maintain 24V across it.From this it is clear that
system is working in closed loop control with control logic
of PIDN and PWM.
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B. Buck Mode

The BBC works in buck mode when DC bus voltage is =
24V. In buck mode ,control circuit generates PWM signal
for the switch ‘S1’ therefore battery as load starts
charging and hence BBC step down the DC bus
voltage(24V) to the level of battery voltage (12V). Figure.15
represents battery a characteristic in buck mode of operation
where SOC of the battery is increasing .This clearly indicates
that the battery is charging by the BBC from the DC bus as
voltage source. Battery with 12V receives the current of
0.25A shown in Fig.15 to charge itself while load (R)
receives current of 2.4 A from DC bus.



Fig.16 represents dynamic and steady states of BBC in
buck mode at DC bus voltage of 24V.When DC bus voltage
is =24V the controller starts generating PWM signal for the
switch “s2” and stops generating PWM signal for the
switch ‘s1’ as shown in Fig.13.

Fig.17 represents steady state of BBC in buck mode.
Wherein control signals, inductor voltage and current, load
voltage and battery voltage are depicted. According to the
waveforms in Fig.17, when switch ‘s1” is ON with control
signal ON, inductor current increases in the negative
direction with DC bus voltage of 24V and hence inductor
stores the energy by the virtue of current through it.When the
switch ‘s1’ is OFF with control signal OFF, voltage across
inductor (-12V) and DC bus voltage (24V) adds up and fed
to the battery of 12V.From the waveform it is observed that
the battery is already charged to its fully charged voltage
level of 12.95V and further it doesn’t receive power from
BBC therefore battery current reaches zero even if BBC is
trying to supply power to it due to inductor voltage. This
state results in ringing effect in inductor voltage and hence
causes heat in the inductor. This deteriorates the efficiency of
the system. Further if DC bus voltage is increased, the
ringing effect in inductor voltage increases with PWM action
shown in Fig.18. In buck mode also close loop is working
however this is happening because it is feedforward closed
loop action i.e. source voltage (Vbus ) is taken for control
action but not the load voltage (Vbatt).This ringing effect
doesn’t appear if battery is able charge complete power
supplied by BBC from DC bus as it is shown in Fig.19
Another way of avoiding ringing effect is feedback control
loop where battery voltage supposed to be taken for control
action.
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V. CONCLUSION

The design of control logic with bidirectional buck-boost
converter for 12V/24V automotive systems fulfils the typical
operating voltage requirements for 12V/24V automotive
systems. In buck mode: 24V- port voltage range 3V to 35V;
12V-port voltage regulated at 14.5V.In boost mode: 12V-
port voltage range 3V to 48V; 24V-port voltage regulated at
24.V.Maximum dc current into or out of the 12V- port is
30A. It accepts analog voltage loop control. While it also
accept microcontroller Digital voltage loop control.  The
control logic uses PIDN control law which reduces output
ripple and thus electromagnetic interference (EMI). The
complete system uses two voltage mode control loops which
benefits good noise immunity for all load conditions.

REFERENCES

[1] Kassakian, John G. "Automotive electrical systems-the power
electronics market of the future." APEC 2000. Fifteenth Annual IEEE
Applied Power Electronics Conference and Exposition (Cat. No.
00CH37058). Vol. 1. IEEE, 2000..

[2] G.- Suand F. Z. Peng, "A low cost, triple-voltage bus DC-DC
converter for automotive applications,” Twentieth Annual IEEE
Applied Power Electronics Conference and Exposition, 2005. APEC
2005., Austin, TX, 2005, pp. 1015-1021 Vol. 2.

[3] Wang, Kunrong, et al. "Bi-directional DC to DC converters for fuel
cell systems." Power Electronics in Transportation (Cat. No.
98TH8349). IEEE, 1998..

[4] Nowakowski, Rich, and Ning Tang. "Efficiency of synchronous
versus nonsynchronous buck converters." Texas Instruments
Incorporated (2009).

[5] Vijay Choudhary, Timothy Hegarty and David Pace, “Under the hood
of a non-inverting buck-boost converter,” TI Power Supply Design
Seminar 2016.

[6] Vijay Choudhary and Mathew Jacob, “Smart Diode and 4-Switch
Buck-Boost Provide Ultra High Efficiency, Compact Solution for 12-
V Automotive Battery Rail,” PCIM Europe 2016, 10 — 12 May 2016,
Vol. 1, pp 2019.

[7] Matthew Jacob, “Reverse-polarity protection comparison: diode vs.
PFET vs. a smart diode solution,” Texas Instruments, Behind the
Wheel blog, December 21, 2015.

[8] Viswanatha, V. "Microcontroller based bidirectional buck—boost
converter for photo-voltaic power plant." Journal of Electrical
Systems and Information Technology 5.3 (2018): 745-758.



(]

[10]

[11]

K. W. E. Cheng, B. P. Divakar, H. Wu, K. Ding and H. F. Ho,
"Battery-Management System (BMS) and SOC Development for
Electrical Vehicles," in IEEE Transactions on Vehicular Technology,
vol. 60, no. 1, pp. 76-88, Jan. 2011.

Viswanatha, V., Reddy, R.V.S. & Rajeswari “Characterization of
analog and digital control loops for bidirectional buck—boost
converter using PID/PIDN algorithms,” Journal of Electrical Systems
and Inf Technol 7, 6 (2020). https://doi.org/10.1186/s43067-020-
00015-6.

Yang, Lung-Sheng, and Tsorng-Juu Liang. "Analysis and
implementation of a novel bidirectional DC-DC converter." |IEEE
Transactions on Industrial Electronics 59.1 (2011): 422-434.

[12]

[13]

Li, Wuhua, and Xiangning He. "A Family of Interleaved DC-DC
Converters DeducedFrom a Basic Cell With Winding-Cross-
Coupledinductors (WCClIs) for High Step-Upor Step-Down
Conversions." IEEE Transactions on Power Electronics 23.4 (2008):
1791-1801.

J. Cheriyan, B. Santhi and G. K. John, "A Closed loop high gain dc-
dc converter for electric drive applications,” 2018 International
Conference on Control, Power, Communication and Computing
Technologies (ICCPCCT), Kannur, 2018, pp. 40-44.



