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Digital current balancing for an  
interleaved boost PFC

Introduction
A power-factor correction (PFC) converter lets the input 
current track the input voltage so that the load appears 
like a resistor to the voltage source that powers it. The 
most popular power topology used in active PFC is the 
non-isolated boost converter. For high power levels, two 
boost units can connect to the same bridge rectifier and 
operate at 180° out of phase (Figure 1). This is called two-
phase interleaved PFC. By controlling two phases’ inductor 
currents 180° out of phase, both input- and output- 
current ripple can be reduced. As a result, a smaller  
electromagnetic-interference filter can be used, which 
reduces material costs. Due to discrepancies between the 
two sets of components used in the two boost circuits, the 
two inductor currents inevitably will be different. This situ-
a tion gets worse when PFC enters continuous-conduction 
mode (CCM). While the unbalanced current causes more 
thermal stress on one phase, it may also mistrigger over-
current protection. Therefore, a current-balancing mecha-
nism is necessary for the interleaved PFC design.1–4

This article discusses three different digital-control 
methods of bal ancing inductor currents. The first method 

senses the inductor current on each switching cycle,  
compares the current difference between the two phases, 
then adjusts the duty ratio of one phase cycle-by-cycle. 
The second method only adjusts the duty ratio in each 
half AC cycle. The third method uses two independent 
current loops to control each phase individually. Since 
these loops share the same current reference, the current 
is balanced automatically.

Method 1: Cycle-by-cycle duty-ratio adjustment
In this approach, a shunt is used to sense the total current. 
An average-current mode control is employed to force the 
input current to track input voltage. The pulse-width- 
modulation (PWM) controller generates two signals, each 
with the same duty ratio but shifted by 180° to drive the 
two boost stages. A current transformer (CT) is put right 
above the MOSFET in each phase to sense the switching 
current. The CT outputs are sampled and compared to 
each other; then the error is multiplied by a gain K, and 
the multiplier output is used to adjust the duty ratio of 
phase 2 accordingly. For example, if phase 1 has higher 
current than phase 2, the error is positive. The multiplier 
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Figure 1. A two-phase interleaved PFC

引言

功率因数校正转换器让输入电流追随输入电压，这

样，负载就好像是一个连接为其供电的电压源的电阻

器。有源PFC中使用的最为普遍的电源拓扑是非隔离

式升压转换器。就高功率级而言，两个升压单元可连

接同一个桥整流器，并工作在180°异相下（图1）。

这被称作双相交叉式PFC。通过控制两个相位的电感

电流180°异相，可同时降低输入和输出电流纹波。结

果，我们便可以使用更小的电磁干扰滤波器，从而降

低材料成本。由于两个升压电路中所使用的两套组件

之间的差异，两个电感电流必然不同。当PFC进入连

续导电模式（CCM）时，这种情况更甚。失衡电流在

一个相引起更多热应力，并且它还可能会误触发过电

流保护。因此，对于交叉式PFC设计而言，电流平衡

机制非常必要1-4。

本文为你介绍平衡电感电流的三种不同数字控制方

法。第一种方法检测每个开关周期的电感电流，比较

两个相位之间的电流差异，然后逐周期调节一个相位

的占空比。第二种方法仅对每半个AC周期的占空比进

行调节。第三种方法使用两个独立电流环路，单独控

制每个相位。由于这些环路共用相同的电流基准，因

此电流被自动平衡。

方法1：逐周期占空比调节

在这种方法中，使用一个分流器检测总电流。一个平

均电流模式控制用于强制输入电流追随输入电压。脉

宽调制（PWM）控制器产生两个信号，每个信号都有

相同的占空比但异相180°，用以驱动两个升压级。

在每个相位，电流变压器（CT）放置于MOSFET正
上方，以检测开关电流。对CT输出采样，然后相互比

较；之后，误差乘以增益K，倍增输出用于相应调节相

位2的占空比。例如，如果相位1具有比相位2更高的电

流，则误差为正。倍增器输出（同样为正）增加相位2
的占空比及其电流。图2显示了这种配置。

交叉式升压PFC数字电流平衡
作者：Bosheng Sun，德州仪器 (TI) 系统工程师

图1 双相交叉式PFC
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output, which is also positive, increases the duty ratio 
of phase 2 and thus its current. This configuration is 
shown in Figure 2.

Properly sampling the CT currents is critical for 
this approach. Since the CT outputs are saw waves, 
both currents need to be sampled at the same point for 
a fair comparison. An example would be to sample both 
at the middle of the switch’s ON time, as shown in 
Figure 3. Here the unbalanced current causes different 
magnitudes of CT output.
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Figure 2. Cycle-by-cycle duty-ratio adjustment
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Figure 3. Sampling CT signal
正确对CT电流采样是这种方法的关键所在。由于

CT输出为锯齿波，因此为公平比较，需在相同点

对两个电流采样。例如，在开关“导通”时间的

中间位置进行采样，如图3所示。此处，失衡电流

引起不同的CT输出大小。

正确CT电流采样以后，逐周期方法便可获得良好的电

流平衡。图4显示了360W、数字控制交叉式PFC的测

试结果。正如我们看到的那样，电感电流之间存在巨

大的差异，但在平衡以后它们几乎重叠在一起。

图2 逐周期占空比调节

图3 CT信号采样



Texas Instruments Incorporated

21

Analog Applications Journal 2Q 2013 www.ti.com/aaj High-Performance Analog Products

Power Management

With proper sampling of the CT currents, the cycle-by-
cycle approach gives good current balancing. Figure 4 
shows test results from a 360-W, digitally controlled inter-
leaved PFC. As can be seen, there is a big difference 
between the inductor currents, but they almost overlap 
after being balanced.

Because the second-phase duty ratio is adjusted on each 
switching cycle, and the adjustment may be different for 
each cycle since the current difference may vary between 
cycles, this method inevitably brings high-frequency noise 
to the AC input current. Figure 5a shows that the wave-
form of the AC input current before current balancing is 
smooth and clean. Once current balancing is introduced, 
high-frequency noise appears (Figure 5b).

Method 2: Half-AC-cycle duty-ratio adjustment
Since adjusting the duty ratio on each switching cycle 
brings high-frequency noise to the total input current, it 
seems reasonable to try adjusting the duty ratio only once 
in each half AC cycle. Either average or peak inductor  
current in each half AC cycle can be used for current  
balancing. An example is to force the peak inductor  
currents to be equal in each half AC cycle by using a con-
figuration similar to that in Figure 2. I_CT1 and I_CT2 are 
still sampled in each switching cycle, and the firmware 
finds out the peak value of I_CT1 and I_CT2 in each half 
AC cycle. These peak values are then compared, and the 
error is used to adjust the duty ratio. Since the current 
difference is calculated only once in each half AC cycle, 
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Figure 4. Inductor currents
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Figure 5. AC input current
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由于在每个开关周期都对第二个相位占空比进行调

节，并且由于各个周期之间的电流差异不同，每个周

期的调节可能也不同，因此这种方法必然会给AC输入

电流带来高频噪声。图5a显示了电流平衡变得平滑且

干净以前的AC输入电流波形。一旦使用了电流平衡，

高频噪声便会出现（图5b）。

方法2：半AC周期占空比调节

由于在每个开关周期都对占空比进行调节会给总输入电

流带来高频噪声，因此尝试仅在每个半AC周期对占空比

进行调节看似为一种合理的办法。每个半AC周期的平均

图4 电感电流

图5 AC输入电流

或者峰值电感电流均可用于电流平衡。例如，利用与图

2所示类似的配置，强制每个半AC周期的峰值电感电流

均相等。仍然在每个开关周期对I_CT1和I_CT2采样，并

且固件在每个半AC周期发现I_CT1和I_CT2的峰值。然

后，比较这些峰值，并且使用误差来调节占空比。在每

个半AC周期计算电流差异一次，因此相同的占空比调节

运用于下一个半AC周期。这样，便从根本上解决了高频

噪声问题。测试结果表明，AC电流波形几乎与使用电流

平衡以前一样；高频噪声消失了。



Texas Instruments Incorporated

22

Analog Applications JournalHigh-Performance Analog Products www.ti.com/aaj 2Q 2013

Power Management

the same duty-ratio adjustment is applied to the next half 
AC cycle. This essentially solves the issue of high-frequency 
noise. Test results showed that the AC current’s waveform 
was almost the same as before current balancing was 
enabled; the high-frequency noise went away.

This approach also has a drawback. Because the rela tion-
ship of the duty ratio to the input-current transfer function 
is different for continuous-conduction mode (CCM) and 
discontinuous-conduction mode (DCM),5 the converter 
dynamics may change abruptly. Applying the same duty-
ratio adjustment along the half AC cycle distorts the 
inductor current (Figure 6) even though the total input 
current is still sinusoidal. Moreover, because of discrepan-
cies between the two component sets used in the two 
boost circuits, the circuits enter CCM at different points in 
each half AC cycle. Thus, the distortions of the two phases 
are also different. On the other hand, unlike the unbal-
anced currents in Figure 4a, this approach can force the 
peak values of inductor currents in each half AC cycle to 
be equal, so the current does get balanced to some level.

Method 3: Dual current-control loops
In the preceding approaches, there is only one current-
control loop. The total current is used for current-loop 
control, and the two phases get the same duty ratio from 
the same control loop. If two current-control loops with 
the same current reference are used, with each controlling 
one phase individually, the closed-loop control will force 
the current to be balanced automatically, making duty-
ratio adjustments unnecessary.

For analog controllers, adding one more loop means 
adding another compensation network and another feed-
back pin. Inevitably, this increases the cost and design 
effort. With a general digital controller, the current-control 
loop is implemented by firmware. Adding a second loop 
means adding extra code, which at first seems to be a 
good solution. However, the extra code takes extra CPU 
execution time. The CPU that used to do only one loop 
calculation now needs to do two. For this to happen with-
out causing any interruption overflow, the CPU speed 
needs to be increased. This requires a higher-cost CPU 
with more power consumption. Another choice can be to 

reduce the control-loop speed—for example, from 50 kHz 
to 25 kHz. The CPU speed can then be kept the same, and 
the dual-loop calculation can be completed without causing 
any interruption overflow. However, the loop bandwidth 
suffers due to the reduced control-loop speed, and a 
reduced bandwidth deteriorates PFC performance.

Integrated control solution
A second-generation digital controller such as the Texas 
Instruments UCD3138 offers a different solution. This is a 
fully programmable digital controller, but the control loop 
is implemented by hardware. Based on the proportional 
integral derivative (PID), the control loop is a two-pole, 
two-zero digital compensator. All the loop calculations are 
done by hardware with a speed of up to 2 MHz. The firm-
ware just needs to configure the PID coefficients. This 
allows a low-speed CPU to be used because it needs to do 
only the low-speed tasks, such as housekeeping and com-
munication. Moreover, the UCD3138 has three independent 
loops inside the chip, so the dual current-control loops  
can be implemented without any extra hardware or a 
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Figure 6. Inductor currents after half-AC-cycle 
current balancing

另外，这种方法也有一个缺点。由于连续导电模式

（CCM）和非连续导电模式（DCM）下，占空比与输

入电流传输函数的关系不同，因此转换器动态可能会

突然变化。即使总输入电流仍然为正弦曲线，但在半

AC周期使用相同的占空比调节会使电感电流失真（图

6）。另外，由于两个升压电路中使用的两套组件之间

存在差异，电路在每个半AC周期的不同点进入CCM。

所以，两个相位的失真情况也不一样。另一方面，与

图4a所示失衡电流不同，这种方法会强制每个半AC周

期的电感电流峰值相等，因此电流确实在一定程度上

实现了平衡。

方法3：双电流控制环路

在前面的一些方法中，都仅有一个电流控制环路。总

电流用于电流环路控制，而两相位从相同控制环路获

得相同的占空比。如果使用相同电流基准的两个电流

控制环路，并且每个单独控制一个相位，则闭环控制

会强迫电流自动平衡，从而使占空比调节变得无必

要。

就模拟控制器而言，再添加一个环路意味着添加另一

个补偿网络和另一个反馈引脚。不可避免的是，它会

增加成本和设计工作量。利用一个普通数字控制器，

通过固件实现这种电流控制环路。增加第二环路意味

着增加额外的代码，乍看好像是一种好的解决方案。

但是，额外代码需要额外的CPU执行时间。仅用于一

个环路计算的CPU，现在需要服务于两个环路。要想

在不导致任何中断溢出的情况下完成这项工作，就需

要提高CPU速度。它要求更高成本的CPU，并且功

耗也随之增加。另一种选择是降低控制环路速度—例

如，从50kHz降低到25kHz。CPU速度保持不变，并且

在不导致任何中断溢出的情况下完成双环路计算。然

而，由于控制环路速度降低，环路带宽便受到限制，

而低带宽又会降低PFC性能。

集成控制解决方案

第二代数字控制器，例如：TI UCD3138等，为我们提

供了一种不一样的解决方案。它是一种完全可编程数

字控制器，但控制环路通过固件实现。这种控制环路

基于比例积分导数（PID），是一种双极、双零数字

补偿器。所有环路计算均由固件完成，并且速度可达

2MHz。固件只需对PID系数进行配置。它允许使用一

颗低速CPU，因为其只需完成低速任务，例如：内务

处理和通信等。另外，UCD3138在芯片内拥有3个独立

的环路，因此可以在没有使用任何额外硬件或者高速

CPU的情况下，实现双电流控制环路。图7显示了使用

UCD3138实现的这些双控制环路的配置情况。需对每

个相位的电流反馈信号进行测量。正常情况下，可以

图6 半AC周期电流平衡以后的电感电流
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higher-speed CPU. Figure 7 shows the configuration 
of these dual control loops implemented with the 
UCD3138. The current-feedback signal from each 
phase needs to be measured. Normally, a CT placed 
above the MOSFET can be used. Since no current 
shunt is needed, this configuration also can improve 
efficiency.

Because the CT is placed right above each switch 
(Figure 7), it senses only the switching current. This  
is only the rising part of the inductor current, whereas 
each current loop controls the average inductor current. 
The CT current signal is still sampled at the middle of 
the PWM ON time (Figure 3). It is an instantaneous 
value, represented as ISENSE in Figures 8 and 9. The 
sampled switching current (ISENSE) is equal to the 
average PFC inductor current only when the current 
is continuous (Figure 8). When the current becomes 
discontinuous (Figure 9), ISENSE is no longer equal to 
the average PFC inductor current. In order to control 
the average inductor current, the relationship between 
the middle point where ISENSE is sampled and the aver-
age inductor current over a switching period needs to 
be derived and applicable to both CCM and DCM.
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Figure 8. Sensed current waveform at CCM
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Figure 9. Sensed current waveform at DCM

图7 使用UCD3138的双电流控制环路

图8 CCM的检测电流波形

图9 DCM的检测电流波形

使用放置于MOSFET上方的CT。由于不需要分流

器，因此这种配置还可提高效率。

因为CT放置于每个开关的正上方（图7），所以

它仅检测开关电流。它只是电感电流的上升部

分，然而每个电流环路都控制平均电感电流。仍

然在PWM“导通”时间的中间位置，对CT电流

信号进行采样（图3）。它是一个瞬间值，在图

8和图9中表示为ISENSE。仅当电流连续时，采

样的开关电流（ISENSE）才等于平均PFC电感

电流（图8）。当电流变得不连续时（图9），

ISENSE不再等于平均PFC电感电流。为了控制平

均电感电流，需推导出采样ISENSE的中间点与

开关期间的平均电感电流之间的关系，并同时适

用于CCM和DCM。
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For a boost-type converter in steady-state operation, 
the volt-second of the boost inductor maintains balance in 
each switching period:

 ( )˙˙˙˙t V t V V ,× = × −  (1)

where tA is the current rising time (PWM ON time), tB is 
the current falling time (PWM OFF time), VIN is input volt-
age, and VOUT is output voltage, assuming all power devices 
are ideal. From Figures 8 and 9, the average inductor cur-
rent (IAVE) can be calculated in terms of ISENSE:

 

A B
AVE SENSE

t t
I I ,

t

+
= ×  (2)

where t is the switching period. Combining Equations 1 
and 2 results in

 

( )AVE OUT IN
SENSE

A OUT

I t V V
I .

t V

× × −
=

×
 (3)

Through Equation 3, the average inductor current (IAVE) is 
interpreted via instantaneous switching current (ISENSE). 
IAVE is the desired current, and ISENSE is the current refer-
ence for the current-control loops. The real instantaneous 
switching currents are sensed and compared with this ref-
erence, and the error is sent to the current-control loops.

Figure 10 shows the test result of this approach. As 
shown in Figure 4, even though the two inductor currents 
have a wide variance, they almost overlap completely after 
current balancing is enabled. Meanwhile, the total AC cur-
rent remains smooth and clean.

Conclusion
Three different digital-control methods of balancing  
inductor currents have been evaluated for an interleaved 
boost PFC. By comparing the current difference and 
adjusting the duty ratio cycle-by-cycle, the current can be 
balanced very well. However, this method also injects high- 
frequency noise into the total input current. Adjusting the 
duty ratio only once in each half AC cycle eliminates the 
high-frequency noise, but each individual inductor current 
gets distorted even though the total AC current is sinusoi-
dal. A better approach is to use two current loops, with 
each controlling one phase individually. Since the two cur-
rent loops share the same current reference, the current is 
balanced automatically. With a digital controller, the cost 
for a second loop is just a few extra codes. Test results 
show that the third approach gives the best performance.
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Figure 10. Inductor currents balanced with 
UCD3138 dual control loops

对于稳态运行的升压型转换器来说，升压电感的伏秒

在每个开关期间均保持平衡：

其中，tA为电流升时间（PWM“导通”时间），tB为

电流降时间（PWM“关断”时间），VIN为输入电压，

而VOUT为输出电压，并假设所有功率器件均为理想状

况。由图8和图9，可根据 I SENSE计算出平均电感电流

（IAVE）：

其中，t为开关时间。组合方程式1和2得到：

利用方程式3，我们可以通过瞬时开关电流（ISENSE）

解释平均电感电流（IAVE）。IAVE为期望电流，而ISENSE

为电流控制环路的电流基准。检测出真实瞬时开关电

流，然后与该基准比较，最后将误差发送至电流控制

环路。

图10显示了这种方法的测试结果。如图4所示，即使两

个电感电流具有较宽的方差，在使用电流平衡以后它

们也能几乎完全重叠。同时，总AC电流保持平顺和干

净。

结论

我们对交叉式升压PFC使用的三种电感电流平衡数字

控制方法进行了评估。通过比较电流差异和逐周期调

节占空比，可以非常好地平衡电流。但是，这种方法

还给总输入电流注入了高频噪声。每个半AC周期仅调

节一次占空比消除了高频噪声，但即使总AC电流为正

弦曲线，每个单独电感电流还是失真。更好的方法是

使用两个电流环路，每个环路单独控制一个相。由于

两个电流环路共用相同的电流基准，因此电流被自动

平衡。利用一个数字控制器，第二环路的成本仅为一

些额外的代码。测试结果表明，第三方法获得了最佳

的性能。
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