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Common-mode transient immunity for 
isolated gate drivers

Introduction
Isolated gate drivers are widely used for driving insulated-
gate bipolar transistors (IGBTs) and MOSFETs in various 
applications such as motor drives, solar inverters and 
automobiles. In addition to turning the IGBTs or MOSFETs 
on and off, these drivers provide galvanic isolation. The 
device’s switching rate depends on the application and 
type of the device being used. Switching frequencies of 10 
to 20 kHz are common in IGBTs, however, silicon carbide 
(SiC) and gallium-nitride or GaN-based systems can 
operate at 50 kHz to 200 kHz. Some advantages for using a 
higher switching frequency are smaller filter size, fast 
control and lower distortion. However, these advantages 
come with an increased power loss during transition. 
Common-mode transient immunity (CMTI) is an impor-
tant parameter of a gate driver to consider when operating 
it at higher switching frequencies. This article gives back-
ground on a general pulse-width modulation (PWM) 
scheme, the transition loss associated with high switching 
frequency, and isolated gate-driver solutions to reduce 
transition time.

Typical inverter operation
An inverter configuration is used for a DC-to-AC conver-
sion. These voltage-source inverters (VSIs) can be used 
either for general AC voltage-output generation or motor 
control. Examples of AC voltage-output applications are 
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solar inverters, uninterruptable power supplies (UPSs), or 
AC applications powered from a battery in automobiles. 
The same inverter configuration allows for output-voltage 
amplitude and frequency control, which is more useful for 
a motor control. An induction-motor control is a common 
example of using an inverter for motor control. 

Figure 1 contains a high-level diagram of an AC-to-DC 
and then DC-to-AC conversion. The system has a three-
phase input and controllable three-phase AC output. The 
rectifier block converts the AC to DC, and a filter using L1 
and C1 is used to filter out the residual ripple. A key 
parameter for the rectifier is its power factor. The simplest 
form of a rectifier uses diodes. Diode-based rectifiers have 
very poor power factor and are not suitable for high-power 
applications. Instead, rectifiers using active power factor 
correction (PFC) are preferred for high-power solutions.[1]

The inverter consists mainly of Q1 through Q6 IGBTs 
and the gate-driver circuit. Input to the inverter is the DC 
supply (VDC) produced by the rectifier. The purpose of 
the inverter is to convert DC to AC voltage. The frequency 
and amplitude of the inverter output is controlled by how 
the IGBTs are switched. In applications such as UPSs or 
solar inverters, a battery supplies power to the inverter. 
The load can be any general-purpose AC load, or it can 
connect to the grid. The fundamental structure of the 
inverter remains the same for many applications. 

Figure 1. Motor control diagram
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隔离式栅极驱动器广泛地用于在各种不同的应用中驱

动绝缘栅双极晶体管 (IGBT) 和 MOSFET，如电机驱动

器、太阳能逆变器和汽车等。除了接通和关断 IGBT 或 
MOSFET 之外，这些驱动器还可提供电流隔离。器件的

开关速率取决于应用和所用器件的类型。10 kHz 至 20 
kHz 的开关频率在 IGBT 中是常见的，然而，基于碳化

硅 (SiC) 和氮化镓（即 GaN）的系统则能工作在 50 kHz 
至 200 kHz。采用较高开关频率的部分优势是较小的滤

波器尺寸、快速控制和较低的失真。不过，这些优势伴

随着转换期间功率损耗的增加。当在较高的开关频率上

运作栅极驱动器时，共模瞬变抗扰度 (CMTI) 是栅极驱动

器的一个需要考虑的重要参数。本文介绍了通用脉宽调

制 (PWM) 方案的背景、与高开关频率相关联的转换损

耗、以及用于缩短转换时间的隔离式栅极驱动器解决方

案。

典型逆变器操作

一种逆变器配置用于一种 DC-AC 转换。这些电压源逆变

器 (VSI) 可用于一般的 AC 电压输出生成或电机控制。

AC 电压输出应用的例子包括太阳能逆变器、不间断电源 
(UPS) 或采用汽车中的电池来供电的 AC 应用。相同的逆

变器配置可提供输出电压幅度和频率控制，这对于电机

控制是更加有用的。感应电机控制是把逆变器用于电机

控制的常见示例。

图 1 包含一个高级示意图，其示出了 AC-DC 转换和随后

的 DC-AC 转换。该系统具有一个三相输入和可控制的三

相 AC 输出。整流器模块负责把 AC 转换成 DC，而一个

采用 L1 和 C1 的滤波器则用于滤除残留的纹波。该整流

器的一个关键参数是其功率因数。整流器的最简单形式

是使用二极管。基于二极管的整流器具有非常差的功率

因数，而且不适合高功率应用。作为替代，采用有源功

率因数校正 (PFC) 的整流器是高功率解决方案的首选。[1]

逆变器主要包括 Q1～Q6 IGBT 和栅极驱动器电路。逆

变器的输入是由整流器产生的 DC 电源 (VDC)。逆变器的

用途是把 DC 电压转换成 AC 电压。逆变器输出的频率

和幅度由 IGBT 的开关方式来控制。在诸如 UPS 或太阳

能逆变器等应用中，由电池向逆变器供电。负载可以是

任何通用的 AC 负载，也可连接至电网。逆变器的基本

结构对于许多应用保持不变。

隔离式栅极驱动器的共模瞬变抗扰度
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图 1：电机控制示意图
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Battery-operated inverters are very common in electric 
vehicles. A microcontroller is used to produce a PWM 
waveform to drive the IGBTs and the outputs (OUTA, 
OUTB and OUTC) switch between 0 V and VDC. An induc-
tion motor requires control of voltage and frequency to 
control its torque and speed. The microcontroller monitors 
the speed and current in the motor and provides the 
proper PWM pattern according to user inputs. IGBTs typi-
cally require gate drivers with isolated outputs because 
the output side is switching between 0 V and VDC. The 
switching frequency of an IGBT-based inverter is typically 
in the range of 8 to 16 kHz and higher PWM switching 
frequencies are possible with SiC or GaN IGBTs.[2, 3] In this 
scenario, gate drivers also need to support faster switching 
speeds. The inverter can be configured as a single-phase 
output with only two legs and four switches. Three-phase 
systems are typically used to get more power.

Pulse-width modulation
PWM or pulse-width modulation is a way to achieve ampli-
tude control by changing the duty cycle. 

Figure 2 shows a simple form of a single-phase inverter. 
Input to the inverter is a DC voltage (VDC) and the voltage 
across the load is VAB = VA – VB. The voltage at node A 
switches between VDC and 0 V via switches S1 and S2. 
Similarly, the voltage at node B switches between VDC and 
0 V via switches S3 and S4. Switches S1 and S2 are 
complementary, as are switches S3 and S4. The maximum 
output voltage that can be achieved using this system is 
VDC. An example of switching waveforms at nodes A and B 
without filtering is shown in Figure 3. The switching rate 

can range from 10 to 200 kHz, depending on the applica-
tion and type of switch. In Figure 3a, the duty cycle at 
node A is more than 50% and in Figure 3b, the duty cycle 
is less than 50% at node B. This creates a positive voltage 
across the load as shown in Figure 3c.

In Figure 3d, the duty cycle at node A is less than 50% 
and more than 50% at node B (Figure 3e),which creates a 
negative voltage across the load (Figure 3f).

The average voltage, VAB, across the load/filter can be 
written as:

VAB = VDC × DA – VDC × DB or VAB = VDC × (DA – DB) (1)

where DA is the duty cycle at node A, and DB is duty cycle 
at node B.

Figure 2. High-level diagram of a 
single-phase inverter
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电池供电式逆变器在电动汽车中十分常见。一个微控制

器用于产生 PWM 波形，以驱动 IGBT 及介于 0 V 和 VDC 
之间的输出（OUTA、OUTB 和 OUTC）开关。感应电机

需要控制电压和频率以控制其转矩和速度。微控制器负

责监视速度和电机中的电流，并根据用户输入来提供正

确的 PWM 模式。IGBT 通常需要具有隔离式输出的栅极

驱动器，因为输出侧在 0 V 和 VDC 之间切换。基于 IGBT 
的逆变器的开关频率一般在 8 kHz 至 16 kHz 的范围内，

而 SiC 或 GaN IGBT 则可采用更高的开关频率。[2、3] 在
此方案中，栅极驱动器还需要支持更快的开关速度。逆

变器可配置为一个只具有两条支路和四个开关的单相输

出。三相系统通常用于获得更大的功率。

脉宽调制

PWM（即脉宽调制）是一种通过改变占空比来实现幅度

控制的方法。

图 2 示出了单相逆变器的一种简单形式。逆变器的输入

是一个 DC 电压 (VDC)，而负载两端的电压为 VAB = VA – 
VB。节点 A 上的电压通过开关 S1 和 S2 在 VDC 和 0 V 
之间切换。类似地，节点 B 上的电压通过开关 S3 和 S4 
在 VDC 和 0 V 之间切换。开关 S1 和 S2 是互补的，与开

关 S3 和 S4 相同。采用该系统所能实现的最大输出电压

为 VDC。图 3 给出了未进行滤波时节点 A 和 B 上的开关

波形示例。开关速率的范围可从 10 kHz 至 200 kHz，这

取决于应用和开关的类型。在图 3a 中，节点 A 上的占

空比大于 50%，而在图 3b 中，节点 B 上的占空比小于 
50%。这在负载的两端产生了一个正电压，如图 3c 所
示。

在图 3d 中，节点 A 上的占空比小于 50%，而在节点 B 
上的占空比则大于 50%（图 3e），这在负载的两端产

生了一个正电压（图 3f）。

负载 / 滤波器两端的平均电压 VAB 可写作：

VAB = VDC x DA － VDC x DB 或 VAB = VDC x (DA － DB)          (1)

式中的 DA 为节点 A 上的占空比，而 DB 是节点 B 上的

占空比。

图 3：简化的 PWM 操作（具有正和负输出电压）

图 2：单相逆变器的高级示意图
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Controlling the duty cycle, DA and DB, allows control of 
the output voltage, VAB. A sinusoidal single-phase PWM 
waveform is obtained by comparing a reference sine wave 
INA and INB with a high-frequency triangular signal as 
shown in Figure 4.

The fundamental component of the output has an ampli-
tude that is proportional to the differential reference input 
(VINA – VINB), and the frequency is the same as the refer-
ence frequency. This allows the voltage and frequency to 
be controlled by the reference signal. High-frequency 
tones are at frequencies 2nfSW ± mfIN, where fSW is the 
triangular signal frequency, fIN is the reference input 
frequency, and the n and m multipliers can be 1, 2, 3, etc. 
The high-frequency component is filtered by the LC filter, 
or the motor inductance in the case of motor control.

The ratio between the input signal amplitude and the 
triangular signal amplitude is called amplitude modulation 
ratio, or mA.

 
m

V

VA
IN

RAMP
=

 

(2)

where VIN is the amplitude of the reference input signal 
and VRAMP is the amplitude of the triangular wave signal. 
The fundamental output voltage is mA × VDC × sine (ωt); 
where ω is the frequency of the reference input signal. 
The root mean square (rms) of the fundamental signal can 
be written as:

 
V

m V
RMS

A DC=
×
2  

(3)

Transition loss in inverters
The inverter outputs switch between ground and VDC at the 
PWM frequency, however, the output current is filtered 
either by the LC filter or motor inductance. Figure 5 
shows waveforms for voltage and current in a PWM 
switching output . Figure 5c shows a DC current with a 
very small ripple component. The ripple amplitude is 
dependent on the filter size. While this example shows a 
DC output, the same concept can be extended for a sine-
wave output. However, the current is a sine wave with a 
small ripple riding on it.

Figure 4. A single-phase PWM output waveform
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控制占空比 DA 和 DB 可实现对输出电压 VAB 的控制。通

过把一个基准正弦波 INA 和 INB 与一个高频三角信号

进行比较，获得了一个正弦单相 PWM 波形（如图 4 所
示）。

输出的基波分量具有一个与差分基准输入 (VINA － VINB) 
成正比的幅度，而且频率与基准频率相同。这使得电压

和频率能够由基准信号来控制。高频音调位于频率 2nfSW 
± mfIN，其中的 fSW 是三角信号频率，fIN 是基准输入频

率，而乘数 n 和 m 可以为 1、2、3，等等。高频分量利

用 LC 滤波器（或者在电机控制中则是电机电感）来滤

除。

输入信号幅度与三角信号幅度之间的比值被称为幅度调

变比，或 mA。

式中的 VIN 为基准输入信号的幅度，VRAMP 为三角波信号

的幅度。基本输出电压为 mA x VDC x sine (ωt)；其中的 
ω 为基准输入信号的频率。基本信号的均方根 (rms) 可
被写作：

逆变器中的转换损耗

逆变器输出以 PWM 频率在地电位与 VDC 之间切换，然

而，输出电流则由 LC 滤波器或电机电感进行滤波。图 5 
示出了 PWM 开关输出中的电压和电流波形。图 5c 示
出了一个具有非常小纹波分量的 DC 电流。纹波幅度取

决于滤波器尺寸。虽然该例示出的是一个 DC 输出，但

相同的概念可针对一个正弦波输出进行扩展。不过，该

电流是一个其上“骑”有小纹波的正弦波。

图 4：单相 PWM 输出波形

图 5：逆变器的电压和电流波形（采用一个 LC 滤波器时）
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The instantaneous output power is VAB × ILOAD, where 
VAB is the average DC output, which is dependent on the 
duty cycles at nodes A and B. Assuming that there is no 
phase difference between the voltage and current, the 
output power for a sinusoidal output is:

P V I
m V I

OUT RMS RMS
A DC RMS= × =

× ×
2  

(4)

The transition time from 0 V to VDC and vice versa of 
the voltage at node A is finite. The switch’s ON impedance 
is very low when completely on, but higher during transi-
tion time. This leads to transition-switching losses. This 
loss occurs twice at every PWM cycle. Current through the 
switches during transition is same as the load current 
because it is filtered. Transition loss for a single event is 
VDC × ILOAD × tRF / 2.

The total transition loss for a single-phase inverter is 
PLOSS  = 2 × 2 × fSW × ILOAD × VDC × tRF / 2 

= 2 × VDC × ILOAD × tRF × fSW, 
where tRF is the rise/fall time of the voltage. In case of a 
sinusoidal current output, current through the switches is 
an average of the load current: 

 
I

I
LOAD

RMS=
×2 2

π  
(5)

and the power loss is: 

P
V I t f

LOSS
DC RMS RF SW=

× × × ×4 2

π  
(6)

Ratio of the loss to output power is:
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P
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×
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π
 

(7)

Equation 6 suggests that loss is proportional to the 
switching frequency. An inverter with a switching 
frequency of 16 kHz and 200-ns rise/fall time will have a 
1% transition loss, assuming mA = 0.8. To reduce the 

transition loss, the rise/fall time has to be lower for a 
higher switching frequency. For example, a SiC-based 
inverter with a 64-kHz switching frequency needs a rise/
fall time of 50 ns to keep a 1% transition loss.

Gate-drivers for Inverter
A typical drive of an IGBT-based, voltage-source inverter 
is shown in Figure 6. This figure shows a single-phase 
inverter, but it can be extended to a three-phase by 
adding one more leg of the bridge. The voltage at outputs 
OUTA or OUTB switches from VDC– to VDC+. The IGBT 
gate drives are isolated because the output-side ground of 
the driver is switching along with the inverter output while 
the input-side ground is fixed and connected to a chassis.

The potential differences between GND1 and GND2 of 
both gate drivers require the drivers to be isolated. The 
gate drivers support high-voltage isolation across the two 
grounds along with voltage transition rate at GND2. The 
gate drivers are also selected based on their isolation 
rating and their immunity to the transition on GND2, or 
common-mode transient immunity (CMTI). For example, 
if the DC bus is 1500 V and the transition time of OUTA is 
100 ns, the immunity required by the gate driver is 15 V/ns. 
The immunity requirement for the driver increases if the 
rise/fall time is lower. A voltage-source inverter (VSI) with 
a higher switching frequency will have a higher CMTI 
requirement. A 1500-V VSI running at 64 kHz and 50-ns 
rise/fall time requires at least 30-V/ns CMTI. The CMTI 
requirement increases if the transition loss is to be lower.

The gate drivers are specified for CMTI in their data-
sheet. For example, the ISO5851 and ISO5852S both have 
a minimum CMTI of 100 kV/µs. Higher CMTI for a gate 
driver ensures there is no false fault or false output toggle 
because of the transient noise.

The component placement or board design also matters 
for a robustness to transient noise. The parasitic capaci-
tance between one side of the driver to the other side of 
the driver should be minimized. Using a diagram from the 

Figure 6: Single-phase inverter with isolated gate drivers
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瞬时输出功率为 VAB x ILOAD，其中的 VAB 为平均 DC 输
出，它取决于节点 A 和B 上的占空比。假设在电压和电

流之间没有相位差，则一个正弦输出的输出功率为：

而功率损耗为：

该损耗与输出功率的比值为：

(6) 式表明该损耗与开关频率成正比。具有 16 kHz 开关

频率和 200 ns 上升 / 下降时间的逆变器将产生 1% 的转

换损耗（假设 mA = 0.8）。若想降低转换损耗，则对于

较高的开关频率，上升 / 下降时间必须较低。例如：为

了保持 1% 的转换损耗，基于 SiC 且开关频率为 64 kHz 
的逆变器需要一个 50 ns 的上升 / 下降时间。

用于逆变器的栅极驱动器

基于 IGBT 的电压源逆变器的典型驱动器示于图 6。该图

示出了一款单相逆变器，但通过增设一个电桥支路可将

其扩展至一个三相逆变器。输出 OUTA 或 OUTB 上的电

压从 VDC－ 切换至 VDC＋。IGBT 栅极驱动器是隔离式的，

因为驱动器的输出侧地与逆变器输出一起切换，而输入

侧地则是固定的并连接至一个底盘。

两个栅极驱动器的 GND1 和 GND2 之间的电位差要求

对驱动器实施隔离。栅极驱动器支持跨两个地的高电压

隔离以及 GND2 上的电压转换速率。另外，栅极驱动器

还是根据其隔离额定值及其对 GND2 上的转换的抗扰度

（即共模瞬变抗扰度  (CMTI)）来选择的。例如：倘若 
DC 总线为 1500 V 且 OUTA 的转换时间为 100 ns，则

栅极驱动器所要求的抗扰度为 15 V/ns。如果上升 / 下降

时间较低，则对驱动器的抗扰度要求增加。具较高开关

频率的电压源逆变器 (VSI) 将有着较高的 CMTI 要求。

一个以 64 kHz 频率运行且上升 / 下降时间为 50 ns 的 
1500 V VSI 要求至少 30 V/ns 的 CMTI。如果转换损耗

将较低，则增加对 CMTI 要求。

栅极驱动器在其数据表中针对  CMTI 拟订了规格。例

如：ISO5851 和ISO5852S 均具有一个 100 kV/μs 的最

小 CMTI。针对栅极驱动器的较高 CMTI 可确保不会由

于瞬态噪声而引起伪故障或错误的输出切换。

另外，组件布局或电路板设计对于实现抗瞬态噪声能力

也是至关紧要的。应最大限度地减小驱动器一侧至驱动

器另一侧之间的寄生电容。[接下页]

节点 A 上的电压的 0 V 至 VDC 和 VDC 至 0 V 转换时间是

有限的。开关的 ON 阻抗在完全导通时是非常低的，但

在转换时间里则较高。这导致了转换开关损耗。此损耗

在每个 PWM 周期出现两次。在转换期间通过开关的电

流与负载电流相同，因为它是经过滤波的。单一过程的

转换损耗为 VDC x ILOAD x tRF / 2。 

单相逆变器的总转换损耗为 

PLOSS = 2 x 2 x fSW x ILOAD x VDC x tRF / 2
        = 2 x VDC x ILOAD x tRF x fSW，

式中的 tRF 为电压的上升 /  下降时间。如果是一个正弦电

流输出，那么穿过开关的电流是负载电流的一个平均值：

图 6：具有栅极驱动器的单相逆变器
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ISO5851 datasheet, 
Figure 7 shows a 
typical application 
diagram. The Ready 
(RDY) and Fault 
(FLT) pins are pulled 
up by 10-kΩ resistors. 
These resistor values 
may need to be lower 
for noise immunity. 
Transient noise can 
generate a false fault 
or low under-voltage 
lockout (UVLO) 
signal. This issue can 
be solved by either 
reducing the resistor 
values or increasing 
the capacitance of C1 
and C2.

Digital isolators 
such as the ISO7810, 
ISO7821 or ISO7841 
also can be used in conjunction with SiC, GaN 
or IGBT drivers. Digital isolators provide rein-
forced isolation and a CMTI at a minimum of 
100 kV/µs. Figure 8 shows an isolated driver 
solution using a digital isolator. The digital 
isolator can range from a single channel up to 
four channels, depending on the application. 
The digital isolator has an added benefit of 
low propagation delay, low skew and low 
jitter, which are useful in a high-frequency 
design.

Conclusion
Voltage-source inverters (VSIs) with PWM 
topology are a good choice for a motor 
control because the output amplitude and 
frequency control have a lot of flexibility. A 
higher switching frequency of PWM VSIs 
allows for a smaller filter size. The rise/fall 
times should be lower with high switching frequencies to 
keep the transition loss lower. A gate driver with good 
CMTI supports faster switching speeds. Gate-driver solu-
tions from Texas Instruments can support a CMTI 
minimum of 100-kV/µs. 
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Figure 7. Typical application where C1 and C2 can be changed to adjust CMTI

DESAT

GND2

VCC2

15 V

15 V

DDST

VEE2

CLAMP

3

1,8

5

4

6

2

7

15

9,16

11

10

12

13

14

IN–

IN+

RDY

VCCI

C2

C1

GND1

10R

RG

NC

OUT

ISO5851

220
pF

10 kΩ10 kΩ
1 kΩ

+ +

+

+

– –

–

3 to 5 V 0.1 µF 1 µF

1 µF

FLT

RST

–
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[ 续 上 页 ]  通 过 采

用  I S O 5 8 5 1  数据

表提供的示意图，

图  7 给出了一幅典

型应用示意图。就

绪  ( R DY )  和  故障 
(FLT)  引脚利用  10 
kΩ 电阻器来上拉。

这些电阻器的阻值

可能必须较低以拥

有抗噪声能力。瞬

态噪声会产生伪故

障或低的欠压闭锁 
(UVLO) 信号。这个

问题可通过减小电

阻器阻值或增大 C1 
和 C2 的电容予以解

决。

另外，诸如 ISO7810、ISO7821 或 ISO7841 
等数字隔离器也可与 SiC、GaN 或 IGBT 驱
动器一起使用。数字隔离器提供了强化的

隔离性能和最小值为  10 0  kV/μs  的最小 
CMTI。图 8 示出了一款采用了数字隔离器

的隔离式驱动器解决方案。视具体应用的不

同，数字隔离器可以从单通道至高达  4 通
道。数字隔离器具有低传播延迟、低时钟偏

移和低抖动等附加优势，这些优势在高频设

计中是有用处的。

结论

采用 PWM 拓扑的电压源逆变器 (VSI) 是电

机控制的上佳选择，因为输出幅度和频率控

制具有很大的灵活性。较高的 PWM VSI 开
关频率允许减小滤波器尺寸。采用高开关频

率时上升 / 下降时间应较低，以保持较低的转换损耗。

具有良好 CMTI 的栅极驱动器支持较快的开关速度。由

德州仪器提供的栅极驱动器解决方案能够支持最小值为 
100 kV/μs 的 CMTI。
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