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Extract maximum power from the supply 
when charging a battery

Introduction
Designers of rechargeable battery-powered equipment 
want a charger that minimizes charge time with maximum 
charge current by maximizing the power taken from the 
supply without collapsing the supply. Resistances between 
the supply and the battery present a challenge. This arti-
cle explains how to design the charging circuit to achieve 
the maximum power from the adapter despite the unde-
sired resistances between the supply and battery. 

Power Management

By Jing Ye, Systems Engineer, High-Power Charging
Jeff Falin, Applications Engineer, Wireless and Low-Power Charging
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General operation of a switch-mode charger
Figure 1 contains a circuit model of the buck converter-
based charger that shows all of the non-ideal resistances, 
including the inductor’s DC resistance (RIND).

The input supply voltage to the charger IC at its VBUS 
or IN pin is from a typical USB port or a wall adapter. For 
this article, voltage at this pin is VBUS. This model will be 
used to derive the minimum supply voltage for a given 
battery regulation threshold. 

Figure 1. Switching charger model with resistances
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图 1：存在电阻的开关式充电器模型

前言

充电电池供电设备的设计人员希望充电器能够在不造

成电源崩溃的情况下从电源获得最多的电量，以便最

大限度地增大充电电流，在最短时间内完成充电。电

源和电池之间的电阻是个挑战性难题。本文将阐述如

何设计一款充电电路，其可在不受电源与电池之间不

良电阻影响的情况下，从适配器获得最大的电源。

开关模式充电器的一般工作方式

图 1 是基于降压转换器的充电器的电路模型，其中显

示了所有不理想的电阻，如电感器的直流电阻 (RIND)。

充电器 IC 的输入电源电压来自典型的 USB 端口或壁

插式适配器，然后施加在 VBUS 或 IN 引脚上。就本

文而言，在该引脚上施加的电压为 VBUS。该模型用于

为给定的电池调节阀值确定最低电源电压。
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Review of Li-Ion charger operation
As shown in Figure 2, the charger works in three main 
phases of operation, depending on the battery voltage:

1. Low battery voltage signifies a deeply discharged 
 battery. Hence, it must be charged by a low value of 
current until it is brought to the threshold value, 
VPRECHG. This is known as precharge phase.

2. Once the battery voltage increases to a certain 
threshold (VPRECHG), the prescribed maximum charge 
current is allowed to flow. This current is maintained 
by a regulation loop known as the  current-regulation/
constant-current phase. 

3. After the battery voltage increases to the set regula-
tion voltage and the charge current has tapered down, 
the battery is fully charged. While the charge current 
is tapering down, the charger operates in voltage- 
regulation/constant-voltage phase. The typical regula-
tion voltage is 4.2 V for Lithium-Ion (Li-Ion) cells.

For fastest charge time, the charger must provide the 
maximum charge current for which it has been set, until 
VBAT = 4.2 V. 

Figure 2. Charge profile for the BQ2419x/25x/26x/29x charger
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To determine the minimum value of the input voltage 
(VBUS_MIN) permissible, the designer must consider the 
following:

1. Operation headroom between VBUS and VBAT to reach 
a target charge current

2. Switching regulator’s maximum duty cycle

Operation headroom
The resistance in the MOSFETs and the inductor gener-
ates voltage drop as current flows. If the voltage difference 
between VBUS and VBAT is too small, the target charge 
 current cannot be achieved. For example, if VBUS is 4.3 V, 
VBAT is 4.2 V and total resistance from BUS input to 
 battery is 150 mW, the maximum current to the battery 
is 660 mA. 

Switching regulator maximum duty cycle
Realistically, no high-side NMOS buck converter can reach 
100% duty cycle. There is always dead time to avoid 
shoot-through during HSFET/LSFET turn-on/turn-off. If 
the duty cycle exceeds the maximum value, the switching 
regulator will skip some LSFET turn-on pulses to maintain 
average output current/voltage.

图 2：BQ2419x/25x/26x/29x 充电器的充电曲线图

锂离子充电器的工作方式介绍

如图 2 所示，充电器根据电池电压在三个主要运行阶

段工作：

低电池电压表明电池深度放电。因此电池必须先以小

电流充电，直至电池电压达到阀值 VPRECHG。这个阶段

称为预充电阶段。

一旦电池电压增大到某个阀值 (VPRECHG)，就可以用前

面介绍的最大电流充电。该电流通过调节环路保持，

称之为稳流／恒流阶段。

当电池电压增大到设定的稳定电压且充电电流已经下

降，电池即处于满充状态。在充电电流不断下降的同

时，充电器工作在稳压/恒压阶段。锂离子 (Li-Ion) 电
池的典型稳压为 4.2V。

要以最快速度完成充电，充电器必须能够提供已为其

设定的最大电流，直至 VBAT = 4.2V。

要确定允许的输入电压最小值 (VBUS_MIN)，设计人员必

须考虑下列因素：

VBUS 和 VBAT 之间的工作电压预留空间支持目标充电电

流范围。

开关稳压器的最大占空比。

工作电压预留空间

MOSFET 和电感器内部的电阻会在电流经过时形成

压降。如果 VBUS 和 VBAT 之间的压差过小，就无法达

到目标充电电流。例如，如果 VBUS 为 4.3V，VBAT 为 
4.2V，从 BUS 输入到电池的总电阻为 150mΩ，那么

到电池的最大电流是 660mA。

开关稳压器的最大占空比

在现实中没有一款高侧  NMOS 降压转换器能够实

现 100% 的占空比。在 HSFET/LSFET 开启/关闭过

程中，为了避免短路总会有停滞时间。如果占空比超

过最大值，开关调稳压器会跳过某些 LSFET 开-启脉

冲，维持平均输出电流/电压。
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Calculating VBUS_MIN threshold
The VBUS_MIN threshold is the minimum BUS pin voltage 
required to support the target maximum charge current 
and keep the duty cycle below the buck converter’s maxi-
mum duty cycle. Figure 3 shows the inductor current and 
switch-node voltage of a buck converter operating in the 
continuous-conduction mode (CCM). VBUS can be derived 
as follows via ripple-current calculations for the inductor. 

 
I

V T

LRIPPLE = ×∆ ∆

 
(1)

On the inductor current rising edge: 

Minimum USB supply voltage
This section shows how the input voltage to the charger 
can fall below the permissible value when USB adapters 
are used due to input line resistance. The USB specifica-
tion states that the output to the device from a low-power 
port can be as low as 4.1 V under full load, after passing 
through all hubs and cables. 

Assume that the input supply in Figure 1 is a USB port 
providing VUSB of 5 V with zero resistance in series. RIN is 
the lumped resistance of the cable, connector and PCB 
trace. The charger is modeled as an ideal buck converter 
that can reach 100% duty cycle. 

The input voltage (VBUS) at the charger must be above 
the battery charging regulation threshold VBATREG (typi-
cally 4.2 V). Assume that the minimum to which VUSB falls 
is 4.75 V. 

VBUS = VUSB_MIN – IUSB_MAX × RIN > VBATREG (6)

With resistance from the USB supply to BUS pin of  
RIN = 400 mW, Table 1 shows the minimum VBUS voltage 
from USB2.0 port and USB 1.5-A adapter. 

Figure 3. Inductor current versus operation 
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On the inductor current falling edge: 
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Since the ripple current is the same, the VBUS equation can be derived.
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(4)

Equation 4 can be simplified with a few assumptions:

• With L = 2.2 µH, the ripple current at 96% duty cycle is less than 300 mA. (One is considered as average current.) 

• With maximum duty cycle of 96%, (1 – D) / D is only 4.2% compared to the second item in the equation. Therefore, the 
third item can be ignored. 

The VBUS_MIN threshold is the VBUS voltage at maximum duty cycle.
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If VBUS falls below calculated VBUS_MIN threshold, then the battery will not fully charge.

Table 1. USB Supply Comparison

VUSB_MIN IUSB_MAX VBUS BELOW VBUS_MIN? 

USB 2.0 4.75 V 0.5 A 4.55 V No

USB 1.5-A 
Adapter 4.75 V 1.5 A 4.15 V Yes

At maximum duty cycle, VBUS is close to VBAT, so 
IUSB ≈ ICHG. Equation 5 can now be expanded to deter-
mine the minimum input supply voltage for a given charge 
current.

V
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I R R R R R
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BAT
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Equation 7 can be used to determine how low to make 
the cable resistance and connector (for instance, select a 
higher quality cable and connector), or how wide/thick to 
make the PCB trace to avoid excessive voltage drop at the 
charger’s BUS pin. This maximizes the adapter’s power for 
charging the battery.

图 3：CCM 状态下电感器电流与 
          运行占空比的关系

如何计算 VBUS_MIN 阀值

VBUS_MIN 阀值是支持目标最大充电电流及保持占空比低

于降压转换器最大占空比所需的最低 BUS 引脚电压。

图 3 显示了工作在连续导通模式 (CCM) 的降压转换器

的电感器电流和开关节点电压。VBUS 可借助电感器的

纹波电流计算，按如下方式推导得到。

在电感器的电流上升沿：

在电感器的电流下降沿：

如果 VBUS 电压低于计算所得的 VBUS_MIN 阀值，电池就无法满充。

由于纹波电流相同，则可得到 VBUS 公式。

等式 4 可以用一些假定条件加以简化：

在 L=2.2µH 时，96% 占空比下纹波电流小于 300mA。（该电流为平均电流。）

在最大占空比为 96% 时，（1-D）/D 与等式中第二项相比仅为 4.2%。因此第三项可忽略。

VBUS_MIN 阀值是最大占空比下的 VBUS 电压。

最低 USB 电源电压

本节将介绍由于输入线路电阻的存在，在使用 USB 
适配器时充电器的输入电压可能会降低至允许值以

下。USB 规范规定在全负载情况下，来自低功率端口

的供电电压经过所有集线器和线缆输出到器件时可能

会低至 4.1V。

假定图 1 中的输入电源是 USB 端口，VUSB 为 5V 、
串联电阻为 0。RIN 为线缆、连接器和 PCB 线迹的

合计电阻。充电器模型为理想的降压转换器，可达到 
100% 占空比。

充电器的输入电压 (VBUS) 必须高于电池充电稳压阀值 
VBATREG（通常为 4.2V）。假定 VUSB 的最小值为 4.75V。

假定从  U S B  电源到  B U S  引脚的电阻  ( R I N)  为 
400mΩ，表 1 所示为 USB2.0 端口和 USB 1.5A 适
配器分别达到的最低 VBUS 电压。

表 1：USB 电源对比

VUSB_MIN IUSB_MAX VBUS
BELOW 
VBUS_MIN?

USB 2.0 4.75V 0.5A 4.55V 否

USB 1.5A 适
配器 4.75V 1.5A 4.15V 是

在最大占空比下，VBUS 接近 VBAT，故有 IUSB 略等于 
ICHG。将等式 5 展开可以确定给定充电电流的最低输

入电源电压。

可根据等式  7 来判断需要多低的线缆和连接器电阻

（例如选择更高质量的线缆和连接器）或需要多宽/多
厚的PCB线迹，才能避免充电器 BUS 引脚处出现过大

压降，从而最大化适配器用于为电池充电的功率。
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Input voltage-based dynamic power  
management (VIN-DPM)
If multiple adapters and/or cables and/or connectors are 
expected to be used, it may be difficult to design for all 
line-resistance scenarios. A charger with VIN-DPM pre-
vents the input voltage from crashing regardless of input 
line resistance.

What is VIN-DPM?
VIN-DPM is an analog loop included in many TI chargers. 
The purpose of the loop is to extract the maximum 
amount of current available from the supply without 
crashing the adapter, i.e., the input current (and therefore 
the resulting charge current) is limited in order to main-
tain supply voltage at VIN-DPM. This feature can be used 
when a USB port is one of the input power sources.

Operation without VIN-DPM
Consider using a charger without the VIN-DPM protection 
as shown in Figure 4. As the system load current and 
 battery charge current increase, the input current also 
increases. Hence, the drop across the supply resistance 
increases. The voltage seen at the charger’s input pin is 
less than the rated output voltage offered by the supply. 
Also, the supply (voltage source) has a compliance limit on 
the amount of current it can produce. When a load current 
is drawn such that the input current required to maintain 

the sum of charge current and load current is beyond the 
capability of the supply, the input voltage starts to fall 
because the input capacitor discharges due to the high 
current demanded. When the input voltage hits the under-
voltage threshold, the charger turns off. During this off 
time, the input voltage recovers as the input capacitor 
recharges. Once it rises above the UVLO, charging begins 
again. Once the charger turns on, the same cycle repeats, 
resulting in the non-ideal on/off pulsing in the charge 
current.

Benefits of VIN-DPM
A charger with the VIN-DPM feature prevents the non-
ideal pulsing of charge current by limiting input current. 
Specifically, as the input voltage reduces and hits the set 
VIN-DPM threshold, the VIN-DPM function activates to 
reduce the input current to a smaller value. This prevents 
the input voltage from crashing to the undervoltage point. 

Adapters typically supply currents between 100 mA to 
several amperes, and the latest USB ports can supply up 
to 1.5 A and higher. When using a charger with VIN-DPM, 
portable-equipment manufacturers can optimize the char-
ger for adapters and USB ports having a certain output 
power limit, such as a current limit. VIN-DPM allows opera-
tion with other lower cost adapters, USB ports and/or the 
cables in between. For example, a smartphone with a 
charger having VIN-DPM would be able to extract 

Figure 4. Non-ideal pulse charging by charger 
with high input line resistance and no VIN-DPM

UVLO

V (1 V/div)
IN

I (500 mA/div)
IN

图 4：带高输入线路电阻和无 VIN-DPM 
情况下充电器充电电流中的不理想脉冲

基于输入电压的动态电源管理 (VIN-DPM)
如果需要使用多个适配器和/或线缆和/或连接器，可

能难以在设计中考虑所有的线路电阻方案。具备 VIN-
DPM 功能的充电器不论输入线路电阻的大小如何，

均能防止输入电压陡降。

什么是 VIN-DPM？

VIN-DPM 是许多 TI 充电器采用的模拟环路。该环路

的目的是在不损坏适配器的情况下最在限度地从电源

获取可用电流，即限制输入电流（进而得到的充电电

流）以维持电源电压在 VIN-DPM 水平。这项特性可在 
USB 端口属于输入电源之一时采用。

在无 VIN-DPM 功能下运行的情况

图 4 是充电器在没有得到 VIN-DPM 功能保护时的运行

情况。随着系统负载电流和电池充电电流增大，输入

电流也随之增大。因此电源内阻上的压差增大。充电

器输入引脚上的电压低于电源提供的额定输出电压。

此外电源（电压源）在能提供的电流大小上受额定值

的约束。当负载电流大到维持充电电流和负载电流之

和的输入电流超过电源的电流供应能力时，输入电压

就会下降，原因是输入电容器因所需的高电流放电。

当输入电压降至欠压阀值时，充电器就会关闭。在关

闭这段时间内，输入电压会随着输入电容器充电而恢

复。一旦输入电压达到 UVLO，充电会再度开始。充

电器开启后会重复这个过程，导致充电电流中出现不

理想的开关脉冲。

VIN-DPM 的优势

具备 VIN-DPM 特性的充电器能通过限制输入电流防止

充电电流中出现不理想的开关脉冲。具体而言，当输

入电压下降并降至 VIN-DPM 阀值时，VIN-DPM 功能就

会激活，将输入电流降至更低的水平。这样可以防止

输入电压陡降至欠压点。基于输入电压的动态电源管

理 (VIN-DPM)
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Figure 5. Example of a battery charger without and with VIN-DPM engaged
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maximum power from a 1.5-A USB port without collapsing 
the port, even if a low-cost, highly-resistive USB charging 
cable is used. Figure 5 shows the effects of two different 
input resistances from the power supply to the IC. The 
evaluation circuit was a battery charger like the bq24192, 
bq24250, bq24260 or bq24295, that was configured for 
1.5-A input current limit, 2.0-A charge current and 4.76-V 
VIN-DPM threshold. 

In both cases, charging continues and the adapter does 
not crash. However, in Figure 5(b), the VIN-DPM circuit 
reduces the input current limit in response to the voltage 
drop across the series resistance. With reduced input 
 current, the charger will reduce first the charge current 
and then the system load current.

Conclusion
Resistances between the supply and charger can prevent 
the charger from pulling the maximum power from its 
supply without collapsing the supply and hitting the char-
ger’s undervoltage lockout. An equation for determining 
the minimum supply voltage required for a charger to 
 provide the maximum charge current from given supply 
adapter was developed. Additionally, the VIN-DPM feature 
allows the use of a variety of adapters and/or power con-
nections without fear of collapsing the adapter voltage as 
it dynamically reduces the charger’s input current limit. 

Related Web sites
www.ti.com/2q14-bq24192
www.ti.com/2q14-bq24250
www.ti.com/2q14-bq24260
www.ti.com/2q14-bq24295

Subscribe to the AAJ:
www.ti.com/subscribe-aaj

(a) RIN = 50 mW (b) RIN = 250 mW

适配器通常能够提供 100mA 到数安培的电流，而最

新的 USB 端口能够提供高达 1.5A 乃至更大的电流。

在使用具备 VIN-DPM 功能的充电器时，便携式设备制

造商能针对有特定输出功率限制（电流限制等）的适

配器和 USB 端口优化充电器。VIN-DPM 允许使用其

它较低成本的适配器、USB 端口和/或线缆。例如，

如果智能电话的充电器具备 VIN-DPM 功能，就可以

在不造成端口电压陡降的情况下，使用低成本高阻 
USB 充电线缆从 1.5A USB 端口获得最大充电功率。

图 5 显示了电源的两种不同输入电阻给 IC 造成的影

响。评估电路可以是 bq24192、bq24250、bq24260 
或 bq24295 等电池充电器，配置为 1.5A 输入电流限

值、2.0A 充电电流和 4.76V VIN-DPM 阀值。

在两种情况下，充电均持续进行，适配器未发生损

坏。但是，在图 5(b) 中，VIN-DPM 电路为应对串联电

阻上的压差降低了输入电流限值。随着输入电流的降

低，充电器会首先降低充电电流，然后降低系统负载

电流。

结论

电源和充电器之间的电阻会阻碍充电器从电源获得最

大功率，导致电源电压陡降，造成充电器欠压闭锁。

已经有了用来计算充电器所需最小电源电压的方程

式，其可计算既定电源适配器的最大充电电流。此

外， VIN-DPM 特性还能动态地降低充电器的输入电流

限值，避免适配器电压陡降，因而允许使用多种类型

的适配器和/或电源连接。
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