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Driving solenoid coils efficiently  
in switchgear applications

Introduction
A primary objective of all power systems is to maintain a 
very high level of continuity of service and, when intolera-
ble conditions occur, to minimize their extent and the out-
age time. Loss of power, voltage dips, overcurrents, and 
overvoltages will occur because it is impossible to avoid 
the consequences of natural events, physical accidents, 
equipment failure, or misoperation owing to human error. 
A combination of devices used to protect electrical equip-
ment from these events is known as switchgear. Solenoids 
and relays are integral parts of any switchgear equipment, 
as they connect/disconnect the mains to/from the protected 
equipment through coil energization and contacts. This 
article touches upon the characteristics of solenoid coils 
typically found in relays, contactors, and valves. It also 
covers methods of driving them and explains a trend in 
efficient driving. This article also shows some example 
switchgear application circuits.

Overcurrent-protection devices, such as circuit breakers, 
are used to protect conductors from excessive current flow. 
These protective devices are designed to keep the flow of 
current in a circuit at a safe level to prevent the circuit 
conductors from overheating. Contactors are primarily 
used to make (connect) or break (disconnect) contact in 
the conducting element. They are used in systems where 
the break-and-make connection is either frequent or 
unchanged for long time periods.

To protect a circuit against heavy currents, a protective 
device must determine when a fault condition develops 
and automatically disconnect the electrical equipment 
from the source. An overcurrent-protection device must 
be able to recognize the difference between overcurrents 
and short circuits and to respond in the proper way. Slight 
overcurrents can be allowed to continue for some period 
of time; but, as the current magnitude increases, the pro-
tection device must respond faster. For instance, short  
circuits must be interrupted instantaneously.

Characteristics of solenoid coils
Electromechanical solenoids consist of an electromagneti-
cally inductive coil wound around a movable steel or iron 
slug termed the armature. The coil is shaped such that 
the armature can be moved in and out of its center, alter-
ing the coil’s inductance and thereby becoming an electro-
magnet (Figure 1). The armature is used to provide a 
mechanical force to some mechanism.

A solenoid’s main electrical characteristic is that of an 
inductor, in that it possesses inductance, which is the 
characteristic that opposes any change in current. This is 
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Figure 1. Working of a solenoid

why current does not immediately reach a maximum level 
when a solenoid is energized. Instead, the current rises at 
a steady rate until it is limited by the DC resistance of the 
solenoid. An inductor (in this case a solenoid) stores 
energy in the form of a concentrated magnetic field. 
Whenever current is present in a wire or conductor, a 
magnetic field, however small, is created around the wire. 
With many turns of wire wound into a coil, such as in a 
solenoid, the magnetic field becomes very concentrated. 
This electromagnet can be used to control a mechanical 
valve via an electrical signal. As soon as the solenoid is 
energized, the current increases, causing the magnetic 
field to expand until it becomes strong enough to move 
the armature. The armature movement increases the con-
centration of the magnetic field as the armature’s own 
magnetic mass moves farther into the magnetic field. 
Remember, a magnetic field changing in the same direc-
tion of the current creating it induces an opposing voltage 
into the windings. Because the magnetic field quickly 
expands when the armature strokes, it causes a brief 
reduction in the current through the solenoid windings. 
After the armature strokes, the current continues on its 
normal upward path to its maximum level. The result is 

图1螺线管工作原理引言

所有电源系统的主要目的都是维持高水平的持续供电

能力，并在出现不可承受状态时，最小化其影响范围

和断电时间。功率损耗、电压下降、过电流和过压总

会出现，因为我们无法避免自然事件、物理事故、设

备故障或者人为误操作。组合使用一些器件，用于

保护电气设备免受这些事件的损害，也即“接电装

置”。螺线管和继电器是所有接电装置中不可或缺的

组成部分。它们通过线圈通电和接触，连接/断开受

保护设备的电源。本文为您介绍继电器、电流接触

器和阀门中常见的螺线管线圈的一些特性。另外，文

章还介绍了一些驱动它们的方法，并说明有效驱动的

发展趋势。本文还列举了一些接电装置应用电路的例

子。

过电流保护器件（例如：断路器等），用于保护导体

不受过电流的损害。设计这些保护器件的目的是，让

电路中的电流保持在一个安全水平，以防止电路导体

器过热。电流接触器主要用于连接或者断开导体接触

电流。它们用于一些频繁或者长期不变的导通-断开

连接。

为了保护电路免受强电流的损害，保护性器件必须知

道故障状态何时出现，并能自动将电气设备同电源断

开。过电流保护器件必须能够区分过电流与短路的区

别，并以正确的方式做出反应。可以允许一定时间的

小过电流，但是，随着电流量的增加，保护器件必须

能够更加迅速地做出响应，例如：迅即阻止短路。

螺线管线圈特性

机电螺线管由一个围绕可移动钢或铁芯（称作“电

枢”）的电磁感应线圈绕组组成。该线圈的形状可让

电枢移入或移出其中心，从而改变线圈的电感，最终

形成电磁（请参见图1）。电枢用于向一些机械装置

提供机械力。

螺线管的主要电特性是，它是一种电感器，拥有电

感，这是一种对抗电流变化的特性。这就是当螺线

管带电时电流不会立即达到最大水平的原因。相反，

电流以一种稳定的速率增加，直到其受到螺线管DC电

阻的限制为止。电感器（例如：螺线管）以集中磁场

的方式存储能量。只要线路或者导体内存在电流，就

会在线路周围形成磁场（尽管很小）。把线路绕成一

个线圈（例如：螺线管中的线圈）以后，磁场便变得

非常集中。通过电信号，电磁可用于控制机械阀门。

螺线管一通电，电流便增加，从而使磁场不断扩展，

直到其强至能够移动电枢为止。电枢移动会增加磁场

的集中度，因为电枢自有磁质量移至更远，进入该磁

场。记住，磁场变化的方向与让其形成的电流的方向

相同，从而在绕组中引起反向电压。由于电枢运动时

磁场迅速扩展，它会使通过螺线管绕组的电流短暂下

降。在电枢运动后，电流继续沿其正常路径上升至最

大水平。结果如图2中电流波形所示。注意观察电流波

形上升过程中的明显下探点。

在开关设备应用中有效驱动螺线管线圈
作者：Sanjay Pithadia，德州仪器 (TI) 高级模拟应用工程师
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the current waveform in Figure 2. Notice the prominent 
dip in the rising portion of the current waveform.

Driving the solenoid coil: Voltage or current drive?
As mentioned earlier, the armature of a solenoid is used to 
provide a mechanical force to some mechanism. The force 
applied to the armature is proportional to the coil’s change 
in inductance with respect to the armature’s change in 
position. The same force is also proportional to the current 
flowing through the coil (based on Faraday’s law of induc-
tion). Equation 1 determines the force that a solenoid 
electromagnet will exert on a passing charge:

 Force Q V (Magnetic constant N I),= × × × ×  (1)

where Q is the charge of the passing point charge; V is the 
velocity of the point charge; the magnetic constant is 4π × 
10–7; N is the number of turns in the solenoid coil; and I is 
the current running through the solenoid. This shows that 
the electromagnetic force of a solenoid is directly related 
to the current.

Traditionally, voltage drive is used to drive the solenoid 
coils; hence, a continuous power is consumed in the coil. 
A negative effect of this power consumption is the heating 
of the coil and, in turn, the entire relay. The coil tempera-
ture is a result of ambient temperature; self-heating due to 
the coil’s power consumption of V × I; heating induced by 
the contact system; magnetization losses due to eddy cur-
rents; and other heat sources, such as components in the 
vicinity of the relay.

Due to coil heating, the coil resistance increases. The 
resistance at elevated temperature is expressed by 
Equation 2:

 Coil _T C Coil _ 20 C R _TR R 1 k (T C 20 C) ,° °  = + ° − °   (2)

where RCoil_20°C is the 20°C value for resistance, and kR_T 
is the thermal coefficient of copper, equal to 0.0034 per 
degree Celsius. Based on RCoil_20°C, typically given in the 
datasheet of a solenoid coil, the worst-case coil resistance 
at high temperature can be calculated. During circuit 
design, care has to be taken that the calculations are made 
for worst-case conditions, such as the highest possible coil 
temperature at the operating pick-up voltage.

Another point to note is that for a given coil, the pick-up 
current remains the same at any condition. The pick-up 
current depends on the pick-up voltage and the coil resist-
ance (IPick-up = VPick-up/RCoil). Most relay coils are made of 
copper wire. Due to the increase in coil temperature, the 
coil resistance increases as per Equation 2. Hence, the 
pick-up voltage for the hot coil should be higher to gener-
ate the required pick-up current. For example, if a 12-VDC 
relay’s pick-up voltage is 9.6 VDC and the coil resistance is 

400 Ω at 20°C, then IPick-up = 24 mA. When the coil tem-
perature is increased to 40°C, the coil resistance increases 
to 432 Ω. Hence the pick-up voltage will be 10.36 VDC. 
(The pick-up current remains the same.) In other words, 
an increase in temperature by 20°C increases the pick-up 
voltage by 0.76 VDC. In relays operating with higher duty 
cycles, the pick-up voltage may increase slightly for each 
successive cycle due to the coil’s temperature rise. Figure 3 
shows that the user may have to overdesign the coil if 
voltage drive is used.

Solenoid off
(no current)

Current drops momentarily
when solenoid armature strokes

Maximum current

Solenoid turns on and
current begins to rise

Figure 2. Solenoid current
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Figure 3. Overdesign for solenoid voltage drive

图2 螺线管电流

图3 螺线管电压驱动的超裕量设计

超裕度设计。

简而言之，由于电流随线圈电阻、温度、电源电压等

变化而变化，因此电压驱动迫使我们只能进行超裕度

设计。所以，对于许多螺线管的器件来说，使用电流

驱动是最佳方式。

功耗优化

关闭一个继电器或者阀门，要求使用大量的能量。激

活螺线管致动器的瞬间电流（称作“峰值电流”，Ip-

螺线管线圈驱动：电压还是电流驱动？

所前所述，螺线管的电枢用于为机械装置提供机械

力。施加给电枢的力与电枢位置变化时线圈的电感

变化成比例关系。另外，它还与流经线圈的电流成

比例关系（根据法拉第的电感定律）。方程式1计算

螺线管电磁对某个通过电荷所施加的力：

力=Q ×V×（磁常量× N × I），（1）

其中，Q为通过点电荷的电荷；V为该点电荷的速

度；磁常量为4π×10–7；N为螺线管线圈的匝数；I
为通过螺线管的电流。这表明，螺线管的电磁力直

接与电流有关。

传统上，电压驱动用于驱动螺线管线圈；因此，线

圈内持续消耗电力。这种功率消耗的一个不利影响

是线圈发热，之后扩散至整个继电器。线圈温度由

环境温度、V×I线圈功耗带来的自发热、接触系统

引起的发热、涡电流产生的磁化损耗以及其它热源

（例如：继电器附近的一些组件）共同决定。由于

线圈发热，线圈电阻增加。高温电阻计算方法如方

程式2所示：

其中，RCoil_20°C为电阻20°C值，而kR_T则为铜的热

系数，其等于0.0034每摄氏度。根据RCoil_20°C（一

般可在螺线管线圈产品说明书中找到），可计算得

到高温下的极端线圈电阻。在电路设计期间，需注

意进行极端条件下的相关计算，例如：工作拾取电

压的最高可能线圈温度。

需要注意的另一点是，就特定线圈而言，在任何条

件下拾取电流都保持不变。拾取电流取决于拾取电

压和线圈电阻（IPick-up= VPick-up/RCoil）。大多数继电器

均由铜线制成。根据方程式2，由于线圈温度上升，

线圈电阻增加。因此，热线圈的拾取电压应更高，

以产生要求的拾取电流。例如，如果一个12VDC继

电器的拾取电压为9.6VDC，并且20°C下线圈电

阻为400 Ω，则IPick-up= 24 mA。当线圈温度上升至

40°C时，线圈电阻增加至432 Ω。因此，拾取电

压为10.36 VDC。（拾取电流保持不变。）换句话

说，温度增加20°C，拾取电压上升0.76VDC。继

电器使用更高占空比时，由于线圈的温度上升，每

个连续周期的拾取电压可能会稍微上升。图3表明，

如果使用电压驱动，则用户可能不得不对线圈进行



Texas Instruments Incorporated

7

Analog Applications Journal 4Q, 2013 www.ti.com/aaj High-Performance Analog Products

Power Management

In short, voltage drive forces overdesign because current 
varies with variations in coil resistance, temperature, sup-
ply voltage, and the like. So using current drive is optimal 
for many devices with solenoids.

Optimizing power consumption
Closing a relay or valve requires a lot of energy. The instan-
ta neous current that activates the solenoid actuator, called 
the peak current (IPeak), can be high. However, once the 
relay or valve is closed, the current required to keep it in 
that condition, called the hold current (IHold), is signifi-
cantly less than the peak current. Typically, the hold cur-
rent is less than the peak current: IHold << IPeak.

When voltage drive is used, the current flowing through 
the solenoid coil is continuous and higher than when cur-
rent drive is used (Figure 4). Unlike voltage drive, current 
drive requires no margin for parameter changes caused by 
temperature or solenoid-resistance variations. The design 
requires separate values for peak current, which may be in 
the range of amperes, and steady-state hold current, 
which may be only 1/20 of the peak-current value.

Current-control implementations for driving a 
solenoid coil
Traditionally, the solenoid coil is driven directly through the 
general-purpose inputs/outputs (GPIOs) of the microcon-
troller (MCU) (Figure 5a). The coil is activated via a switch 
controlled by a GPIO from the MCU. A new driving system 
has been developed that uses pulse-width modulation 
(PWM) of the waveform (Figure 5b). The coil is activated 
via a switch controlled by a PWM from the MCU, and the 
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duty cycle determines the average current through the 
coil. For this article, the Texas Instruments DRV110, a 
power-saving solenoid controller with integrated supply 
regulation, was used (Figure 5c). This DRV110-based  
system was designed to regulate the current with a well-
controlled waveform to reduce power dissipation. After 
the initial ramping, the solenoid current is kept at a peak 
value to ensure correct operation, after which it is reduced 
to a lower hold level to avoid thermal problems and reduce 

峰值上，以确保正常工作，之后降至某个更低的保持

水平，目的是避免发热问题和降低功耗。图6的曲线图

比较了传统驱动器和DRV110的工作情况。注意，其它

一些方法也可降低电压，但却需要一定的开销才能保

证在各种温度下保持电流始终不变。

图4 电压驱动和电流驱动的螺线管电流

图5 线圈驱动方法

eak）会非常高。但是，一旦继电器或者阀门关闭，

将其维持在这种状态下所要求的电流（称作“保持

电流”，IHold）则大大小于峰值电流。一般而言，

保持电流均小于峰值电流：IHold<< IPeak。

使用电压驱动时，螺线管线圈的电流持续，并且

高于使用电流驱动的情况（图4）。与电压驱动不

同，电流驱动无需为温度或者螺线管差异引起的参

数变化留出余量。这种设计要求使用单独的峰值电

流值（大小可能为数安培），并同时使用固态保持

电流（可能仅为峰值电流值的1/20）。

螺线管线圈驱动的电流控制实施

传统上，我们直接通过微控制器（MCU）的通用

输入/输出（GPIO）来驱动螺线管线圈（图5a）。

通过一个由MCU的GPIO控制的一个开关，激活线

圈。人们开发出了一种新的驱动系统，其使用波

形的脉宽调制（PWM）（图5b）。线圈经由一个

受MCU的PWM控制的开关来激活，然后占空比

决定通过线圈的平均电流。我们使用了德州仪器

DRV110，它是一种带有集成电源调节的节能型螺

线管控制器（图5c）。这种基于DRV110的系统，

设计它的目的是通过较好控制的波形来调节电流，

以降低功耗。在初始上升以后，螺线管电流保持在



Texas Instruments Incorporated

8

Analog Applications JournalHigh-Performance Analog Products www.ti.com/aaj 4Q, 2013

Power Management

power dissipation. The graphs given in Figure 6 
compare the operation of a conventional driver 
with that of the DRV110. Note that other methods 
reduce voltage but need to have an overhead to 
guarantee that the hold current is always main-
tained across temperature.

A typical application circuit based on the 
DRV110 is shown in Figure 7. The DRV110 con-
trols the current through the solenoid (LS), also 
shown in Figure 7. Activation starts when the EN 
pin volt age is pulled high, either internally or by 
an exter nal driver. In the beginning of activation, 
the DRV110 allows the load current to ramp up 
to the peak value (IPeak) and regulates it there for 
time tKeep before reducing it to IHold. The load 
current is regulated at the hold value as long as 
the EN pin is kept high. The initial current ramp-
up time depends on the inductance and resist ance 
of the solenoid. Once the EN pin is driven to GND, 
the DRV110 allows the solenoid current to decay 
to zero.

Determining IPeak and IHold of the DRV110
The activation (peak) current of the DRV110 is 
determined by the coil’s ON resistance and the 
pick-up voltage required by the relay. This resist-
ance value at maximum temperature (RCoil_T(max)) 
and the relay nominal operating voltage (Vnom) 
can be used to calculate the IPeak value required 
at maximum temperature:
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Figure 7. Typical application circuit for DRV110 and 
solenoid’s current waveform
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Step 1: Relay driver is enabled.

Step 2: Start of mechanical move-
ment. This movement generates a 
back-EMF that counters the sole-
noid flux, reducing current.

Step 3: End of mechanical move-
ment. (Current increases again.)

Step 4: DRV110 limits pull-in current, 
saving power.

Steps 5 and 6: Hold mode is entered 
after a delay. The DRV110’s hold- 
current value is the lowest possible.

图6 传统驱动器和DRV110工作原理比较

图7显示了基于DRV110的一个典型应用

电路。D R V 110控制通过螺线管的电流

（LS），如图7所示。EN引脚电压被（内部

或者外部驱动器）拉高时，激活开始。在

激活之初，DRV110允许负载电流升高至峰

值（IPeak），然后在降低至IHold以前对其进

行tKeep时间的调节。只要EN引脚维持高电

平，则把负载电流调节至保持值。初始电

流上升时间取决于螺线管的电感和电阻。

一旦EN引脚被驱动至GND，则DRV110允
许螺线管电流降至零。

计算DRV110的IPeak和IHold

DRV110的激活（峰值）电流由线圈的“导

通”电阻和继电器要求的拾取电压所决

定。最高温度电阻值（RCoil_T(max)）和继电器

额定工作电压（Vnom）可用于计算最高温度

下要求的IPeak值：

DRV110的保持电流由线圈的“导通”电阻

以及避免继电器出现压降所要求的电压决

定。为了使继电器不出现压降，制造厂商

均在其产品说明书中列出了建议电压值；

图7 DRV110和螺线管电流波形的典型应用电路
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The hold current of the DRV110 is determined by the ON 
resistance of the coil and by the voltage required to keep 
the relay from dropping out. To keep a relay from dropping 
out, manufacturers give recommended voltage values in 
their datasheets; however, some margin for vibration and 
other contingencies should be added to these. Many relay 
manufacturers give 35% of the nominal voltage as a safe 
limit. Assuming this to be enough, the RCoil_T(max) value and 
the relay nominal operating voltage (Vnom) can be used to 
calculate the IHold value that works over the temperature:

 

nom
Hold Peak

Coil _T(max)

0.35 V
I 0.35 I

R
×

= = ×  (4)

Examples of switchgear applications
Overload protection will cause a device to break the circuit 
connection if the load current exceeds the rated current of 
the device for a specified duration. The protection circuit 
implemented in Figure 8 derives the enable (EN) signal by 
measuring current as well as voltage. (To simplify Figures 
8–10, the DRV110 pin connections for OSC, PEAK, HOLD, 
and KEEP are not shown.)

A magnetic contactor needs a current to be passed 
through the coil to move the contacts into a closed or 
open position. Figure 9 shows the implementation of an 
RMS-voltage-sensing circuit in a contactor system that 
uses the DRV110.

RSense

RelayLine
Power

Load

VIN

EN

GND

SENSE

OUT
DRV110

+

–

+

–

Figure 8. Overload protection

RSense

Line
Power

LoadRelay

VIN

EN

GND

SENSE

OUT
DRV110

+

–

Figure 9. Magnetic-contactor system with RMS-voltage sensing

保护会让器件断开电路连接。图8所示保护电路实现

通过测量电流和电压来产生激活（EN）信号。（为了

简化图8-10，未显示OSC、PEAK、HOLD和KEEP的

DRV110引脚连接。）

磁接触器需要一个电流通过线圈，以移动该接触器进

入关闭或者开启位置。图9显示了使用DRV110的一个

接触器系统的RMS电压检测电路实现。

利用DRV110还可以实现欠压和过压保护（图10）。使用

两个比较器来测量高低阈值电压。根据每个比较器的输

出，SR触发器向DRV110发送一个激活（EN）信号。

图8 过载保护

图9 RMS电压检测磁接触器系统

但是，应为振动和其它意外情况留出一定的余量。

许多继电器制造厂商把额定电压的35%作为安全极

限。假设这一极限值够用，则可使用RCoil_T(max)值和

继电器额定工作电压（Vnom）来计算不同工作温度

的IHold值：

接电装置应用举例

如果在规定时间负载超出器件的额定电流，则过载
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Undervoltage and overvoltage protection also can be 
implemented by using the DRV110 (Figure 10). Two com-
parators are used to measure the high and low threshold 
voltages. Based on the outputs of each comparator, the SR 
flip-flop sends an enable (EN) signal to the DRV110.

Conclusion
There are many benefits to using a power-saving solenoid 
controller with integrated supply regulation. To achieve 
energy savings, current regulation is the most accurate 
way of controlling actuator force. No margin needs to be 
added because the system is immune to variations in coil 
resistance, supply voltage, and temperature. System relia-
bil ity is also improved because the solenoid action is 
repeatedly optimal. Finally, system cost is optimized. With 
energy accurately controlled, coils can be overdriven to 
get acceptable performance from a smaller, cheaper coil.
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Figure 10. Undervoltage and overvoltage protection
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图10 欠压和过压保护

结论

使用集成电源调节的节能型螺线管控制器有很多好

处。为了实现节能的目的，电流调节是致动器力控

制最为精确的方法。由于这种系统不受线圈电阻、

电源电压和温度变化的影响，因此无需增加余量。

另外，系统可靠性也得到了提高，因为螺线管行为

经过了反复优化。最后，还降低了系统成本。由于

能量得到精确控制，使用更小、更便宜的线圈，便

可轻松获得可以接受的驱动性能。
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