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Design of a 60-A interleaved active-clamp 
forward converter

Introduction
In 48-V-input telecommunications systems, power supplies 
with a capacity of 100 to 250 W are sufficient to cover many 
applications. Forward converters are a good choice for 
these applications. At lower output voltages, synchronous 
rectification in the secondary circuitry improves efficiency 
and simplifies system thermal design. Active-clamp forward 
converters work well in these applications because of the 
ease of implementing synchronous rectification.

In most cases, the output currents of forward converters 
are commonly limited to around 30 A. Beyond this current, 
the inductor design and conduction losses in the second-
ary circuitry become difficult to manage. From a power 
standpoint, the primary circuitry (number of parallel 
FETs) becomes a limiting factor for power ratings above 
250 W. In systems with higher power, it is necessary to 
move to a different topology like the full bridge, or operate 
two or more forward converters in parallel to increase the 
output power.

Load-share ICs work great for paralleling supplies that 
use diodes to rectify their outputs. Diode-rectified supplies 
allow current to be sourced only from the power supply. 
Power supplies with synchronous rectifiers, however, can 
both source and sink power, which can wreak havoc with 
some load-share controllers. This is particularly true at 
start-up, where the feedback loop is overridden by the  
primary controller’s slow-start circuit, and the two paral-
leled supplies could attempt to regulate the output to  
different voltage levels. These issues can be circumvented 
by interleaving two separate power stages. This article 
pre sents the design of a 5-V, 300-W interleaved isolated 
supply that is powered from a standard 36- to 72-V tele-
com input.

Designing the interleaved power stage
In this design example, splitting the power into two inter-
leaved power stages reduces the current in the secondary 
of each phase to 30 A. This is much more manageable than 
the 60 A that would be required in a single-phase supply. 
Both phases actually need to be designed to carry a little 
more than 30 A to account for phase imbalances. Design-
ing the power stage begins by selecting the turns ratio and 
inductance for the power transformers. A feature of the 
active-clamp forward converter is its ability to run at duty 

cycles of over 50%. It is best to design for a maximum duty 
cycle of no greater than 75% so that the transformer’s 
reset voltage does not become excessive. In this example, 
a turns ratio of 4.5:1 results in a duty cycle of around 63% 
at a 36-V input. Switching each phase at 200 kHz provides 
a good balance between size and efficiency. Setting the 
primary inductance at 100 µH ensures that sufficient mag-
netizing current is flowing to drive the commutation of the 
power MOSFETs during the switching transitions. The pri-
mary inductance and switching frequency determine the 
value of the resonant capacitor in the clamp. In this case, 
a 0.1-µF capacitor sets the resonant frequency at 50 kHz.

The output inductors are determined just as in any 
buck-derived topology. An inductance of 2 µH is used, 
resulting in 8.5 A of peak-to-peak ripple current in each 
phase with a worst-case input of 72 V. Accounting for a 
20% phase imbalance, the inductor must be able to carry 
at least 41 A of peak current without saturating.

The output capacitors are selected to meet the require-
ments for output ripple voltage and for voltage excursions 
due to load transients. Interleaving the power stages results 
in some cancellation of the ripple current seen by the out-
put capacitors. The amount of ripple-current can cel lation 
is dependent on the duty cycle and the phase angle 
between the two phases. Total cancellation occurs with a 
50% duty cycle only when the two phases are synchro-
nized 180° out of phase. This reduction in ripple current 
reduces the number of capacitors required based on the 
ripple-voltage requirements and the RMS current ratings of 
the capacitors. For this design, four 180-µF polymer capac-
itors rated for 4-A RMS each are sufficient to keep the 
peak-to-peak ripple voltage below 50 mV. More capacitance 
can be added to support large load transients if necessary.

Selecting the primary MOSFETs is also straightforward. 
The peak drain voltage is the sum of the input voltage and 
the resonant transformer’s reset voltage. The RMS primary 
current comprises the reflected load current and the trans-
former magnetizing current. It is important to select a 
minimal number of cost-effective transistors and to keep 
the power loss in each transistor manageable. For this 
design, each phase uses two 150-V, 50-mΩ MOSFETs in 
parallel, with a worst-case loss per FET of approximately 
700 mW.
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引言

在48V输入电信系统中，100W到250W的电源便足以

满足许多应用的需求。正向转换器是这些应用的理想选

择。在更低输出电压下，次级电路中的同步整流可提高

效率和简化系统散热设计。有源钳位正向转换器可以很

好地服务于这些应用，因为同步整流的易于实现性。

在大多数情况下，正向转换器的输出电流常常被设定在

约30A。超过该电流值，便很难管理次级电路的电感设

计和传导损耗。从功率的角度来看，主电路（许多并联

FET）成为250W以上额定功率的一个限制因素。在一些

大功率系统中，必须转而使用一种不同的拓扑结构，例

如：全桥等，或者并行操作两个或者更多正向转换器以

增加输出功率。

对于使用二极管整流其输出的一些并联电源，负载共用

IC非常有效。二极管整流电源允许仅从电源吸取电流。

但是，使用同步整流器的电源同时可以提供和吸取功

率，其会损毁一些负载负载共用控制器。在启动时更是

如此，因为反馈环路被主控制器的慢启动电路主导，而

两个并联电源会尝试把输出调节至不同的电压水平。通

过交错式两个单独功率级可以避免出现这些问题。本文

为您介绍一种5V、300W交错式隔离式电源，其通过一

个标准36V-72V电信输入驱动。

交错式功率级的设计

在本设计举例中，把电源分成两个交错式功率级，这

样做可以把每个相次级电路的电流减少至30A。这比单

相电源所要求的60A要易于管理得多。我们需要对两个

相进行设计以承载30A以上的电流，目的是容许相位误

差。功率级设计的第一步是选择电源变压器的匝数比和

电感。这种有源钳位正向转换器的一个特点是，它能

够工作在50%以上的占空因数下。最大占空因数最好

不要超过75%，这样变压器的重置电压才不会过高。

本例中，36V输入时，4.5：1的匝数比可带来约63%的

占空因数。在200kHz下对每个相进行开关操作，可在

尺寸和效率之间提供一种较好的平衡。把主电感设置在

100µH，可确保开关过渡期间有足够的磁化电流来驱动

功率MOSFET的换向整流。次级电感和开关频率决定钳

位中谐振电容器的值。在这种情况下，0.1µF电容器可产

生50kHz的谐振频率。

输出电感的选择与所有降压转换型拓扑一样。使用2 µH
电感情况下，输入为72V最大值时，每个相的峰到峰纹波

电流达到8.5A。考虑到20%的相位误差，该电感必须能

够在不饱和的情况下承载至少41A的峰值电流。

输出电容器的选择，需满足负载瞬态引起的输出纹波电

压和电压偏移要求。功率级交错式可抵消一些输出电容

器纹波电流。纹波电流抵消的多少取决于占空因数和两

个相位之间的相角。仅当两个相位同步为异相180°且

占空因数为50%时，纹波电流全部抵消。纹波电流的降

低，减少了基于纹波电压要求和电容器RMS额定电流所

要求的电容器数量。就本设计而言，每个4A RMS额定使

用4个180µF聚合物电容器，便足以让峰到峰纹波电压保

持在50 mV以下。如果必要，我们还可以增加更多的电

容，以支持大负载瞬态。

选择主MOSFET也很简单。峰值漏电压是输入电压和

谐振变压器重置电压的和。RMS主电流包括反射负载

电流和变压器磁化电流。重要的是，选择最少的高成本

效益晶体管，并让每个晶体管的功耗始终为可控。就

本设计而言，每个相位均使用两个并联150V、50mΩ 

MOSFET，并且每个FET的最大功耗约为700mW。

图1说明了如何在有源钳位正向转换器的每个相位中实现

自驱动同步整流器。一套同步整流器（Q4、Q5和Q6）

有通过变压器反射的输入电压，而另一套（Q1、Q2和
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Figure 1 shows how self-driven synchronous rectifiers 
are implemented in each phase of the active-clamp for-
ward converter. One set of synchronous rectifiers (Q4, Q5, 
and Q6) sees the input voltage reflected through the 
transformer, while the other set (Q1, Q2, and Q3) sees the 
transformer’s reset voltage reflected to the secondary side. 
With the selected turns ratio, MOSFETs rated at 30 V are 
sufficient for this design. Most of the power loss in these 
components is due to conduction loss. Paralleling multiple 
7-mΩ MOSFETs for each phase results in a worst-case loss 

per FET of around 800 mW. This ensures that the junction 
temperatures are reasonable, even with a 20% phase 
imbalance. The gate-drive components Q12, Q13, Q15, and 
Q16 serve two functions. First, they protect the MOSFET 
gates from voltage spikes on the switching waveforms. 
Second, they provide a buffer so that the transformer’s 
secondary windings are not directly connected to a large 
amount of gate capacitance. This is important to ensure 
that the power MOSFETs commutate quickly during the 
switching transitions.

+ +

Ω

Ω

Figure 1. Gate-drive conditioning circuitry for a self-drive synchronous rectifier

Q3）则有反射到次级端的变压器重置电压。选定匝数比

时，额定30V的MOSFET足以满足该设计的要求。这些

组件中大多数功耗均产生自传导损耗。每个相位的并联

多个7mΩ MOSFET导致每个FET出现约800mW的最大

损耗。它可以确保结温不至于过高，即使20%相位误差

时也是如此。栅极驱动组件Q12、Q13、Q15和Q16服务

于两个功能。首先，它们保护MOSFET栅极免受开关波

形上电压尖峰的损害。其次，它们提供一个缓冲功能，

这样变压器的次级绕组便不会直接连接至大量的栅极电

容。对于确保功率MOSFET在开关过渡期间能够迅速换

向整流，这一点很重要。

图 1 自驱动同步整流器的栅极驱动调节电路
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Figure 2 shows how two controllers can be 
connected in parallel so that they share a 
common feedback signal and soft-start circuit. 
With peak-current-mode control, each power 
stage behaves as a current source that is con-
trolled by the voltage at the feedback pin. A 
single error amplifier regulates the output volt-
age by simultaneously controlling the feedback 
pins of the two controllers. Current imbalance 
between the two phases is mostly determined 
by variations of the offsets inside the control-
lers and by the tolerances of the current sense 
and slope compensation. Figure 3 plots the 
current in each phase versus the feedback 
voltage for a total tolerance resulting in the 
maximum error between phases. This is not of 
much concern at high load levels, as one stage 
will just carry a heavier burden. At light loads, 
however, the error can allow one phase to sink 
current, forcing the other phase to source 
extra current. This leads to increased losses at 

Ω

Ω

Master Controller

Slave Controller

Figure 2. Interleaved controllers sharing feedback network and soft-start circuit
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Figure 3. Variation in offsets can lead to phase-
current imbalance

图 2 共用反馈网络和软启动电路的交错式控制器

图 3 偏差变化可导致相位电流失衡图2描述了如何把两个控制器并联在一起，

让它们共用一个公共反馈信号和软启动电

路。利用峰值电流模式控制，每个功率级都

表现为一个电流源，其由反馈引脚的电压控

制。一个单误差放大器通过同时控制两个控

制器的反馈引脚来调节输出电压。两个相位

之间的电流失衡基本由控制器内部的偏差变

化以及电流检测容差和斜率补偿来决定。图

3显示了一个可导致两个相位间最大误差的
总容差的各相电流与反馈电压对比曲线。在
高负载水平下时，这并不会成为问题，因为
一个级刚好承受更大的负载。但是，在轻负
载状态下，误差会允许一个相吸取电流，从
而迫使另一个相提供额外电流。这导致轻负
载损耗的增加。当对电流限制编程时，还必
须考虑相位失衡问题。
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light loads. The phase imbalance must also be considered 
when the current limit is programmed.

Synchronization is implemented by designating one con-
troller as the master and the other as the slave. The clock 
frequency of the slave controller is set 10% slower than 
that of the master clock to ensure synchronization. The 
gate-drive signal of the master is used as the clock for the 
slave. Some conditioning components are needed to shape 
the magnitude and duration of the synchronization pulse.

For proper start-up, timing is critical. Start-up must be 
completed before the VDD voltage on either chip falls 
below the UVLO OFF level, or neither controller will be 
able to start. Tying the two soft-start pins together ensures 
that both converters initiate the start-up sequence at the 
same time. In case of a fault, this also allows both control-
lers to be disabled by discharging the soft-start capacitance.

The efficiency of this power supply is shown in Figure 4. 
With a nominal 48-V input and a load current of 60 A, the 
supply’s efficiency is over 92%. The converter’s ability to 
convert to an isolated and regulated 5-V output with no 
intermediate bus and minimal power loss simplifies the 
system design and reduces the power demand on the 
upstream AC/DC rectifier.

Conclusion
In summary, interleaving active-clamp forward power 
stages can result in a cost-effective and efficient design. 
The design must account for current imbalances between 
the phases and ensure proper synchronization and start-
up. If properly designed, interleaving extends the practical 
power range of the active-clamp forward converter to 
around 500 W and easily supports load currents of up  
to 60 A.

Please visit www.ti.com/tool/PMP2214 for more informa-
tion on this design, including the complete schematic, bill 
of materials, and test results.

Related Web sites
Power Management: 
www.ti.com/power-aaj
www.ti.com/ucc2891-aaj
www.ti.com/pmp2214-aaj

Subscribe to the AAJ: 
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Figure 4. Synchronous rectification enables very 
high efficiency

通过指定一个控制器为主控制器而另一个为从控制器，
来实现同步。从控制器的时钟频率比主时钟频率低

10%，从而确保同步。主控制器的栅极驱动信号用作从
控制器的时钟频率。需要一些调节组件，以对同步脉冲
的大小和持续时间进行调整。

为了正确启动，计时至关重要。必须在任一芯片的VDD电
压降至UVLO OFF水平以下之前完成启动，否则没有一
个控制器能够启动。把两个软启动引脚绑到一起，确保
两个转换器同时开始启动序列。在出现故障时，这种方
法允许通过对软启动电容放电来关闭两个控制器。

图4显示了这种电源的效率。标称输入为48V且负载电流
为60A时，电源的效率大于92%。转换器可以转换得到
一个独立、稳定的5V，无需中间总线，并且功耗最小。
它简化了系统设计，并减少了上游AC/DC整流器的功率
需求。

结论

总之，交错式有源钳位正向功率级可带来一种高性价
比、高效率的设计。设计必须考虑两个相位之间的电流
失衡，并确保正确同步和启动。如果设计得当，交错
式操作可扩大有源钳位正向转换器的实用功率范围至

500W左右，可轻松支持高达60A的负载电流。

本设计更多详情，请访问www.ti.com/tool/PMP2214详
细了解完整的示意图、材料清单和测试结果等。

相关网站

电源管理
www.ti.com/power-aaj
www.ti.com /ucc2891-aaj
www.ti.com /pmp2214-aaj

订阅《模拟应用期刊》，
请访问：www.ti.com/subscribe-aaj

图 4 同步整流带来非常高的效率
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Components which have not been so designated are neither designed nor intended for automotive use; and TI will not be 
responsible for any failure of such components to meet such requirements.
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Interface  interface.ti.com 
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Industrial www.ti.com/industrial
Medical www.ti.com/medical
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Video and Imaging  www.ti.com/video
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重重要要声声明明

德州仪器(TI) 及其下属子公司有权根据 JESD46 最新标准, 对所提供的产品和服务进行更正、修改、增强、改进或其它更改， 并有权根据
JESD48 最新标准中止提供任何产品和服务。客户在下订单前应获取最新的相关信息, 并验证这些信息是否完整且是最新的。所有产品的销售
都遵循在订单确认时所提供的TI 销售条款与条件。

TI 保证其所销售的组件的性能符合产品销售时 TI 半导体产品销售条件与条款的适用规范。仅在 TI 保证的范围内，且 TI 认为 有必要时才会使
用测试或其它质量控制技术。除非适用法律做出了硬性规定，否则没有必要对每种组件的所有参数进行测试。

TI 对应用帮助或客户产品设计不承担任何义务。客户应对其使用 TI 组件的产品和应用自行负责。为尽量减小与客户产品和应 用相关的风险，
客户应提供充分的设计与操作安全措施。

TI 不对任何 TI 专利权、版权、屏蔽作品权或其它与使用了 TI 组件或服务的组合设备、机器或流程相关的 TI 知识产权中授予 的直接或隐含权
限作出任何保证或解释。TI 所发布的与第三方产品或服务有关的信息，不能构成从 TI 获得使用这些产品或服 务的许可、授权、或认可。使用
此类信息可能需要获得第三方的专利权或其它知识产权方面的许可，或是 TI 的专利权或其它 知识产权方面的许可。

对于 TI 的产品手册或数据表中 TI 信息的重要部分，仅在没有对内容进行任何篡改且带有相关授权、条件、限制和声明的情况 下才允许进行
复制。TI 对此类篡改过的文件不承担任何责任或义务。复制第三方的信息可能需要服从额外的限制条件。

在转售 TI 组件或服务时，如果对该组件或服务参数的陈述与 TI 标明的参数相比存在差异或虚假成分，则会失去相关 TI 组件 或服务的所有明
示或暗示授权，且这是不正当的、欺诈性商业行为。TI 对任何此类虚假陈述均不承担任何责任或义务。

客户认可并同意，尽管任何应用相关信息或支持仍可能由 TI 提供，但他们将独力负责满足与其产品及在其应用中使用 TI 产品 相关的所有法
律、法规和安全相关要求。客户声明并同意，他们具备制定与实施安全措施所需的全部专业技术和知识，可预见 故障的危险后果、监测故障
及其后果、降低有可能造成人身伤害的故障的发生机率并采取适当的补救措施。客户将全额赔偿因 在此类安全关键应用中使用任何 TI 组件而
对 TI 及其代理造成的任何损失。

在某些场合中，为了推进安全相关应用有可能对 TI 组件进行特别的促销。TI 的目标是利用此类组件帮助客户设计和创立其特 有的可满足适用
的功能安全性标准和要求的终端产品解决方案。尽管如此，此类组件仍然服从这些条款。

TI 组件未获得用于 FDA Class III（或类似的生命攸关医疗设备）的授权许可，除非各方授权官员已经达成了专门管控此类使 用的特别协议。

只有那些 TI 特别注明属于军用等级或“增强型塑料”的 TI 组件才是设计或专门用于军事/航空应用或环境的。购买者认可并同 意，对并非指定面
向军事或航空航天用途的 TI 组件进行军事或航空航天方面的应用，其风险由客户单独承担，并且由客户独 力负责满足与此类使用相关的所有
法律和法规要求。

TI 已明确指定符合 ISO/TS16949 要求的产品，这些产品主要用于汽车。在任何情况下，因使用非指定产品而无法达到 ISO/TS16949 要
求，TI不承担任何责任。

产产品品 应应用用

数字音频 www.ti.com.cn/audio 通信与电信 www.ti.com.cn/telecom

放大器和线性器件 www.ti.com.cn/amplifiers 计算机及周边 www.ti.com.cn/computer

数据转换器 www.ti.com.cn/dataconverters 消费电子 www.ti.com/consumer-apps

DLP® 产品 www.dlp.com 能源 www.ti.com/energy

DSP - 数字信号处理器 www.ti.com.cn/dsp 工业应用 www.ti.com.cn/industrial

时钟和计时器 www.ti.com.cn/clockandtimers 医疗电子 www.ti.com.cn/medical

接口 www.ti.com.cn/interface 安防应用 www.ti.com.cn/security

逻辑 www.ti.com.cn/logic 汽车电子 www.ti.com.cn/automotive

电源管理 www.ti.com.cn/power 视频和影像 www.ti.com.cn/video

微控制器 (MCU) www.ti.com.cn/microcontrollers

RFID 系统 www.ti.com.cn/rfidsys

OMAP应用处理器 www.ti.com/omap

无线连通性 www.ti.com.cn/wirelessconnectivity 德州仪器在线技术支持社区 www.deyisupport.com
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