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ABSTRACT

Commercial vehicles adopt two 12-V batteries in series to build 24-V battery, which enables system to use both
12-V electronics and 24-V electronics effectively. This application report introduces a buck converter design that
not only equalizes the two 12-V battery voltages during operation but also achieves constant output current limit,
both of which are important to maximize the battery life and improve the overall performance. The LM5170-Q1
multiphase bidirectional current controller is used as a controller in this design.
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1 Introduction

1.1 Commercial Vehicle Power System

Commercial vehicles usually adopt two 12-V automotive batteries in series to produce the needed 24-V supply
rail. Figure 1-1 shows the typical architecture of commercial vehicle power system. Alternator charges the

two 12-V batteries placed in series. The stacked 24-V voltage supports the 24-V electronics (or 24-V loads
hereafter), while the bottom battery, namely Batt_B, supplies 12-V electronics in the vehicle. Such architecture
allows the commercial vehicles to reuse the low cost 12-V electronics (or 12-V loads hereafter) developed for

passenger cars, therefore reducing the overall electronic cost of the commercial vehicle.

In this architecture, the battery equalizer is necessary. Without the battery equalizer, Batt_B can be consumed
faster than the top battery, namely Batt_T, which would become over-charged and Batt_B under-charged. The
over-charge would degrade the lifetime of Batt_T, and the undercharge of Batt_B would lose sufficient supply

voltage for the 12-V loads. Consequently, the overall system lifespan as well as performance will be adversely

affected.

Battery

Alternator .
equalizer

Batt T

Batt B

24-V loads

12-V loads

Figure 1-1. Power System of Commercial Vehicles

By introducing the battery equalizer, both Batt_T and Batt_B can stay well-balanced, resulting in maximal
battery life time as well as improved system performance. In this report, a buck converter design based on the

LM5170-Q1 controller is presented to implement the battery equalizer.

2 Buck Converter Design with LM5170-Q1 to Equalize Two-serial 12-V Batteries
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Introduction

1.2 Operation of Battery Equalizer

Battery equalizer has two modes to support stable power for both 12-V and 24-V loads.

Constant voltage mode

Figure 1-2 shows constant voltage operation of battery equalizer. When 12-V loads are low-powered, namely
lload < Imax, the 24-V load becomes the main load of the two batteries. The battery equalizer keeps Batt_B
voltage to be right at 50% of the total voltage of the two series batteries, such that the two battery capacities get

well-balanced.

Alternator

Vin

Battery
equalizer

Batt T
lload << Imax

Vout—1/z Vin
+ m—-
Batt B | 12-V loads |
| I
Low-
mode

24-V loads

powered

Constant current mode

Figure 1-2. Constant Voltage Mode of Battery Equalizer

Figure 1-3 shows constant current operation of battery equalizer. When 12 V loads consume high power, Batt B
is consumed faster than Batt_T. The battery equalizer will produce 12-V load current to prevent Batt_B from
being discharged, therefore the two batteries remains the voltage balance. Obviously, the battery equalizer
should provide lout = Imax.

Alternator

Vin

Battery
equalizer

+
Batt_T

_|_

lout = Imax
- _ -1
Batt B | 12-V loads
| I
High-powered

24-V loads

mode

Figure 1-3. Constant Current Mode of Battery Equalizer
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2 Designing Buck Converter with LM5170-Q1

2.1 Vyy to V,y Buck Converter with 13-A Maximum Output Current
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Figure 2-1. Schematic of Buck Converter for Battery Equalizer
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Figure 2-1 shows schematic of the buck converter with LM5170-Q1. Vyy is the input voltage connected to the
24 V port, which is also the 24-V rail, V|y and is the output voltage connected to the 12-V port, which is also the
12-V rail. Synchronous buck converter is implemented with Q¢ and Q » MOSFET while LM5170-Q1 channel-2
is disabled. R¢gq is the shunt resistor to sense inductor current of buck converter. The current sense signal is
used for inner current loop regulation. The output voltage of the equalizer is regulated by an external Op-amp
LM6142. The designs of the inner current loop and external voltage loop to achieve constant current operation
and voltage equalization are detailed in the following section.

2.2 Inner Current Loop Design

As shown in Figure 2-2, LM5170-Q1 provides COMP pin where type Il compensation network can be designed
externally. It's important to select right Rcomp1, Ccomp1, and Cyeq based on system transfer function. The poles
and zeros of current loop system are determined by

Rcs + Rg

Fp_PLANT = Zmx T, N

F i . (2)
P_COMP = 2r X RcomP1 X CHF1

F i . (3)
Z_COMP = 2 X Rgcomp1 X CCOMP1

where Rg is the entire resistance on the LV port to the loads, and 50 mQ assumed in this case.

Rcs1
—— \\N—o—
50x
° G,

COMP — ]

ISETA
Ccowmp1 j— e
Recomp
— AGND

Figure 2-2. Inner Current Loop Control in LM5170-Q1

The compensation network’s components are selected based on following guidance. Fgy is switching frequency
of LM5170-Q1 and Fco cur is the current loop crossover frequency.

1. FCO CUR is setto 1/10 ~ 1/5 OfFSW

2. The total inner current loop gain is set to unity at Fco cur

3. The zero Fz comp is placed at approximately close to the power plant pole Fp pianT

4. The pole FP:COMP is placed at approximately one or two decades higher than_FZ_COMp, but lower than Fgy

Select Rcompt = 1.15 kKQ, Ceompt = 330 nF, and Cpe4 = 3.3 nF which can meet in the following equations.
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Figure 2-3. Bode Plot of Inner Current Loop

Figure 2-3 shows bode plot of inner current loop. Type Il compensation network boosts the phase in mid-
frequency range. In this example, the current loop crossover frequency is at about 20 kHz, and the phase margin
is approximately 58 degree, which is higher than the needed minimal 45 degree of a stable system. Fp comp is
placed at 41.9 kHz which is lower than the switching frequency (99.5 kHz). This helps to minimize output ripple
caused by MOSFET switching.
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2.3 Outer Voltage Loop Design

To implement outer voltage loop, an external Op-Amp (Texas Instruments LM6142) is used. The Op-Amp keeps
constant ratio between Vyy and Vy. The non-inverting input of the Op-Amp is connected to the 9R:1R resistor
divider on the Vny rail, and the inverting input is fed by the 4R:1R resistor divider on the V|y rail. Therefore, the
Op-Amp’s non-inverting input voltage is at 1R/10R x V},y, and the inverting input at 1R/5R x V|y. In the closed
loop operation, Vyy = 2 x V|, namely the two battery voltages are balanced.

F{COMPZ CCOMpg

VLV VHV

|
I
Cora 4R 9R

+ 1R §1R

—T—AGND —T—AGND

LM6142

Figure 2-4. Outer Voltage Loop Control in LM5170-Q1

A Type Il compensation network is used to stabilize the outer voltage loop. Figure 2-4 shows configuration
of type Il compensation network consisting of Rcopmp2, Ccompz » and Chro. The introduced poles and zero of
compensation network are determined by

1
Fp_PLANT = 7nxR % C, (9)

_ 1
FP_coMP = 2w X Reomps X Crirz (10)

B 1
Fz_coMP = 5% RCOMP2 X CCOMP2 "

where R is load equivalent resistance and C, is output capacitance.

To tailor the total voltage loop gain to cross over at Fco voL, select components of the compensation network
according to the following guidelines, then fine tune the network for optimal loop performance.

1. The Fgo voL is setto 1/5 or 1/10 of Fco cur

2. The total outer voltage loop gain is set to unity at Fco voL

3. The zero Fz comp is placed at the power stage power Fp pianT

4. The pole FP:COMP is placed at approximately one or two decades higher than Fz cowmp, but lower than Fgyy

Select Reomp2 = 270 kQ, Ceomp2 = 2.7 nF, and Cygs = 13 pF which can meet the following equations.

Fco_voL = 3 X Fco_cur = 3.98 kHz (12)

Fp_PLANT = 250970 7405F = 234 Hz (13)

Fz_comp = 27x770 ]10><2.7nF =218 Hz (14)

Fp_comP = 77rx770 in XT3 pF — 45-34kHz (1)
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Figure 2-5. Bode Plot of Outer Voltage Loop

Figure 2-5 shows bode plot of outer voltage loop. Phase in mid-frequency range is boosted by type Il
compensation network. In this example, the crossover frequency is at about 4 kHz, and the phase margin

is approximately 75 degree, which is greatly higher than the needed minimal 45 degree of a stable system.
Fp cowmp is placed at 45.34 kHz which is lower than switching frequency (99.5 kHz) to minimize output ripple
caused by MOSFET switching.
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2.4 Implementation of Current Limit

The ISETA pin is analog current programming pin of LM5170-Q1. Figure 2-6 shows the inductor DC current is
proportional to the ISETA voltage. Vs g is the current sense voltage produced by the shunt resistor Rcgy. It has
linear relationship with ISETA voltage by Equation 16.

Ves_de = 0.02 X Viggra (16)
Or by Equation 17.
(17)

Ves_de = Irest X Rest

Or by Equation 18.

0.02 X VISETA
lesde="Reg (18)
A
Current Level LM5170-Q1 600 ———————————_
Command S 500f-——---————— !
ISETA E Lo
3 N
ISETD ! o
€N I
AGND o by
|
0 |
% 0 25 3.0 >
ISETA (V)

Figure 2-6. ISETA vs VCS_dc Graph of LM5170-Q1

To achieve the DC current limit, the ISETA voltage should be clamped. The DC current limit should be
determined by maximum allowable load current of 12-V loads in the system. In this example, the maximum
load current of the 12-V loads is about 13 A, therefore, VISETA should be clamped at 3.25 V approximately
when 5-mQ shunt resistor is used.

Figure 2-1 includes a simple VISETA clamp circuit consisting of TLV431B-Q1 and two resistor R¢cq and Reco.
The resistor divider ratio sets the clamp voltage level. Note that Rcc1 and Reeo resistance can increase power
consumption unnecessarily. In this example, Rgcq = 30.1 kQ and Reco = 18.7 kQ are used to limit the total
power dissipation below 0.22 mW.
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3 Experimental verification

The buck converter operation is verified by Texas Instruments LM5170EVM-BIDR evaluation module, as shown
in Figure 3-1. The board is modified according to Figure 2-1 to implement the battery equalizer.

Figure 3-2 shows the measured buck converter efficiency versus output current.
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Figure 3-1. Test Board (Texas Instruments LM5170EVM-BIDIR Modified)
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Figure 3-2. Buck Converter Efficiency
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During constant voltage mode of battery equalizer, buck converter should keep constant ratio between input
voltage and output voltage. Figure 3-3 shows transition of V| depending on Vpy (Vpy = 2 x V).

File | Edt | Vertical | HoriziAcq | Trg | Dispiny | Cursors | Measure | Mask | Math | MyScope | Analyze | Uniities Hdp‘ﬂ| Tek - L ]
S S e
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Figure 3-3. Input Voltage and Output Voltage Waveform in Constant Voltage Mode

During constant current mode of battery equalizer, the buck converter keeps the maximum output current. As
shown in Figure 3-4, the output current (ly) is maintained at 13 A (I,ax) approximately. LM5170-Q1 IOUT pin is
used to measure output current.

ﬁle‘Edl‘Vama‘Haﬂam:q\Tu‘Displ-yIGnnms'Hmm}MlsklMlm‘Mﬁm,,lmnm|umiﬁﬁ|""pln| Tek . ‘
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Figure 3-4. Input Voltage and Output Current Waveform in Constant Current Mode
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Figure 3-5. Start-up Sequence of Buck Converter

4 Conclusion

Texas Instruments LM5170-Q1 current controller is used to design buck converter for battery equalizer system.
Battery equalizer helps to balance two 12-V batteries in commercial vehicles and allows commercial vehicle
manufacturers to utilize both 12-V and 24-V loads more effectively. The presented solution with LM5170-Q1 can
achieve well-balanced battery voltages, enhancing the batteries lifespan and overall system performance. The
design is straightforward and can easily be modified for different commercial vehicles with different combination
of electronics. The closed loop designs are presented, too, which can be followed by the readers in their own

designs.

5 References

1. Development of Battery Equalizer for Commercial Vehicle, The Korean Institute of Power Electronics, Deok-
kwan Choi, Jong-Cheol, Ho-sik Kim, Jae-kyu Park, Hyundai MOBIS, Hyundai-Kia Motors.
2. Texas Instruments, Demystifying Type Il and Type Ill Compensators Using Op-Amp and OTA for DC/DC
Converters application report.

12 Buck Converter Design with LM5170-Q1 to Equalize Two-serial 12-V Batteries
in Commercial Vehicles

Copyright © 2021 Texas Instruments Incorporated

SNVAA30 — DECEMBER 2021
Submit Document Feedback


https://www.koreascience.or.kr/article/CFKO200835738813459.pdf
https://www.ti.com/lit/an/slva662/slva662.pdf?ts=1638783274094&ref_url=https%253A%252F%252Fwww.google.com%252F
https://www.ti.com/lit/an/slva662/slva662.pdf?ts=1638783274094&ref_url=https%253A%252F%252Fwww.google.com%252F
https://www.ti.com
https://www.ti.com/lit/pdf/SNVAA30
https://www.ti.com/feedbackform/techdocfeedback?litnum=SNVAA30&partnum=LM5170-Q1

IMPORTANT NOTICE AND DISCLAIMER

TI PROVIDES TECHNICAL AND RELIABILITY DATA (INCLUDING DATA SHEETS), DESIGN RESOURCES (INCLUDING REFERENCE
DESIGNS), APPLICATION OR OTHER DESIGN ADVICE, WEB TOOLS, SAFETY INFORMATION, AND OTHER RESOURCES “AS IS”
AND WITH ALL FAULTS, AND DISCLAIMS ALL WARRANTIES, EXPRESS AND IMPLIED, INCLUDING WITHOUT LIMITATION ANY
IMPLIED WARRANTIES OF MERCHANTABILITY, FITNESS FOR A PARTICULAR PURPOSE OR NON-INFRINGEMENT OF THIRD
PARTY INTELLECTUAL PROPERTY RIGHTS.

These resources are intended for skilled developers designing with Tl products. You are solely responsible for (1) selecting the appropriate
TI products for your application, (2) designing, validating and testing your application, and (3) ensuring your application meets applicable
standards, and any other safety, security, regulatory or other requirements.

These resources are subject to change without notice. Tl grants you permission to use these resources only for development of an
application that uses the Tl products described in the resource. Other reproduction and display of these resources is prohibited. No license
is granted to any other Tl intellectual property right or to any third party intellectual property right. Tl disclaims responsibility for, and you
will fully indemnify Tl and its representatives against, any claims, damages, costs, losses, and liabilities arising out of your use of these
resources.

TI's products are provided subject to TI's Terms of Sale or other applicable terms available either on ti.com or provided in conjunction with
such Tl products. TI's provision of these resources does not expand or otherwise alter TI's applicable warranties or warranty disclaimers for
TI products.

Tl objects to and rejects any additional or different terms you may have proposed.

Mailing Address: Texas Instruments, Post Office Box 655303, Dallas, Texas 75265
Copyright © 2022, Texas Instruments Incorporated


https://www.ti.com/legal/termsofsale.html
https://www.ti.com

	Table of Contents
	1 Introduction
	1.1 Commercial Vehicle Power System
	1.2 Operation of Battery Equalizer

	2 Designing Buck Converter with LM5170-Q1
	2.1 VHV to VLV Buck Converter with 13-A Maximum Output Current
	2.2 Inner Current Loop Design
	2.3 Outer Voltage Loop Design
	2.4 Implementation of Current Limit

	3 Experimental verification
	4 Conclusion
	5 References

