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Linear versus switching regulators in  
industrial applications with a 24-V bus

Linear regulators have been around for many 
years. Some designers still use linear regulators 
that are over 20 years old for new and old proj-
ects. Others have made their own linear regula-
tors from discrete components. The simplicity 
of a linear regulator is hard to beat for a wide 
range of voltage conversions. However, low- 
current applications with a 24-V bus, such as for 
industrial automation or HVAC controls, may 
have thermal issues if the voltage drop is too 
large. Fortunately, designers have several 
choices now that small, high-efficiency, wide-
input-voltage switching regulators are available.

This article compares three different solu-
tions that provide a 5-V output at 100 mA from 
a 24-V bus. A synchronous step-down (buck) converter is 
compared to an integrated linear regulator and a discrete 
linear regulator. Size, efficiency, thermal performance, 
transient response, noise, complexity, and cost are com-
pared to help designers choose the solution that best 
meets the constraints of a particular application.

Conditions of comparison
Most industrial applications use a 24-V bus and require 5 V 
to power various loads, such as logic and low-current 
micro processors. An output current of 100 mA is chosen 
because it accommodates many logic and processor loads. 
However, the power-dissipation level can affect the deci-
sion of whether to use a switching or linear regulator. The 
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Figure 1. Switching (buck) converter with integrated MOSFETs
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Figure 2. Integrated, wide-input-voltage linear regulator

circuits shown in Figures 1, 2, and 3 are all built on the 
same circuit board and use 1-µF input and 4.7-µF output 
ceramic capacitors with the same ratings.

The design in Figure 1 uses a synchronous buck con-
verter with integrated MOSFETs, the TPS54061 from 
Texas Instruments (TI). Note that this circuit does not 
require a catch diode but includes an inductor, five capaci-
tors, and four resistors. The device also employs external 
compensation and is tuned to use the same input and out-
put capacitors as the linear circuits in Figures 2 and 3.

The design in Figure 2 uses an integrated, wide-input-
voltage linear regulator, TI’s LM317, which is a popular, 
industry-standard regulator with a 1.5-A output capability. 
This circuit uses two external resistors and two external 
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图1 集成MOSFET的开关式（降压）转换器

图1 集成、宽输入电压线性稳压器
线性稳压器已存在了许多年。一些设计

人员仍然把已存在了2 0多年之久的线

性稳压器用于众多新老项目。另一些设

计人员则通过离散组件制作出属于自己

的线性稳压器。在进行宽范围电压转换

时，线性稳压器的简单性是一个难以超

越的优势。但是，如果压降过大，则24V
总线的低电流应用（例如：工业应用或

者HVAC控制等）可能会遇到热问题。幸

运的是，设计人员现在有许多选择，可

以使用小型、高效、宽输入电压开关式

稳压器。

本文将对24V总线、100mA和5V输出的

三种不同解决方案进行比较。我们把一

个同步降压转换器与一个集成线性稳压

器和一个离散线性稳压器进行对比。通

过比较它们的尺寸、效率、散热性能、

瞬态响应、噪声、复杂度和成本，帮助

广大设计人员选择最能满足某个特殊应

用要求的解决方案。

比较条件

大多数工业应用都使用24V总线，并要求

5V电压来驱动各种负载，例如：逻辑和低电流微处理器等。我

们选择100mA的输出电流，原因是它可适应许多逻辑和处理器

负载。但是，功耗水平会影响我们使用开关式稳压器还是线性

稳压器的决定。图1、2和3所示电路均建立在相同电路板基础

上，并使用相同额定值的1µF输入和4.7µF输出陶瓷电容器。

图1所示设计使用一个具有集成MOSFET的同步降压转换器，

即德州仪器的TPS54061。注意，该电路并不要求使用一个保

护二极管，但却包含了1个电感、5个电容器和4个电阻器。该

器件还使用了外部补偿，并使用与图2和图3所示线性电路一样

的输入和输出电容器。



Texas Instruments Incorporated

10

Analog Applications JournalHigh-Performance Analog Products www.ti.com/aaj 3Q, 2013

Power Management

capacitors. The wide difference 
between the input and output  
voltages requires the low thermal 
resistance of a double-decawatt 
package (DDPak).

Figure 3 shows a discrete linear 
regulator that employs a transistor 
and a Zener diode with two exter-
nal capacitors and four external 
resistors. The Zener diode breaks 
down at 5.6 V, and that voltage is 
fed to the base of an NPN transis-
tor. Due to the base-emitter voltage 
drop, the output is regulated to  
~5 V. The external resistors are 
used to help with the power dissipation  
in the NPN transistor.

Table 1 summarizes the board area and 
component count of each design.

Linear-regulator solutions require more 
board area to provide proper thermal 
relief on the circuit board. At full load, 
each linear-regulator solution must dissi-
pate about 2 W. As a rule of thumb, 
approximately 1 W of dissipation in 1 in2 
of board area results in a 100°C tempera-
ture rise. The linear-regulator solutions 
are designed to allow for a 40°C tempera-
ture rise. The synchronous buck converter 
is clearly the design of choice when board 
area is limited, despite the number of 
external components and the design effort 
required to compensate the feedback loop 
and select the inductor.

Thermal performance
The thermal image in Figure 4 shows the tem-
perature rise of each design on the circuit 
board. The board is designed in a manner such 
that none of the circuits disturb the thermal 
performance of an adjacent circuit. Table 2 
shows that the switching regulator has the low-
est temperature rise, at 11°C. With a large dif-
ference between the input and output voltages, 
the switching regulator with synchronous rectifi-
cation excels in efficiency compared to either 

Table 1. Summary of board area and component count

REGULATOR TYPE
BOARD AREA

(in2)
NUMBER OF  

COMPONENTS COMPLEXITY

Switching (Buck) (TPS54061) 0 .14 11 High

Integrated Linear (LM317) 2 .25 5 Low

Discrete Linear (Zener/Transistor) 2 .25 8 Medium

Table 2. Summary of thermal performance

REGULATOR TYPE

TEMPERATURE 
RISE 
(°C)

MAXIMUM  
TEMPERATURE 

(°C) PACKAGE

Switching 11 40 .7 3×3-mm VSON

Integrated Linear 27 56 .2 DDPak

Discrete Linear 40 69 .1 SOT-23, SOT223
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Figure 3. Discrete linear regulator
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Figure 4. Heat generated from each circuit (white indicates 
highest temperature)

图3 离散线性稳压器图2所示设计使用了一个集成、

宽输入电压线性稳压器，即德

州仪器的LM317，它是一种具

有1.5A输出能力的流行工业标准

稳压器。该电路使用2个外部电

阻器和2个外部电容器。输入和

输出电压的巨大差异，要求双

decawatt封装（DDPak）的低热

电阻。

图3显示的是一个离散线性稳压

器，它使用一个晶体管和一个齐

纳二极管，并有2个外部电容器和4个
外部电阻器。5.6V下时，齐纳二极管

损坏，该电压被馈给NPN晶体管的基

极。由于存在基极-发射极压降，输出

被调节至~5 V。外部电阻器用于帮助

降低NPN晶体管的功耗。

表1概括了这类设计的板面积和组件数

目。

线性稳压器解决方案要求使用更多的

板面积来缓解电路板上的热问题。全

负载下时，所有线性稳压器解决方案

的功耗都必须达到约2W。一般而言，

1平方英寸板面积内，1W左右的功耗

会带来100°C的温升。按照设计，线

性稳压器解决方案仅允许40°C的温升。如

果不考虑外部组件的数目以及补偿反馈环路

和选择电感的大量设计工作，在板面积有限

时，同步降压转换器无疑是理想选择。

散热性能

图4所示热图像表明了这类电路板设计的温

升情况。这样设计电路板的目的是，让所有

电路均不会干扰相邻电路的散热性能。表2
表明，开关式稳压器具有低温升，其温度为

11°C。输入和输出电压之间存在巨大差异

时，相比线性电路，同步整流开关式稳压器

的效率表现优异。（参见表3）有趣的是，

我们注意到，集成线性电路的温升不同于离

散线性电路。由于集成线性稳压器的封装

（DDPak）更大，因此它的散热所分布面积

也更大。使用SOT-23和SOT223封装的离散线

性电路比DDPak小，并拥有更高的封装功耗

额定值，从而让散热更加困难。

图4 每种电路的发热情况（白色表示最高温度）

表2 散热性能总结表

表1 板面积和组件数目概括表
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linear circuit. (See Table 3.) It is interesting to 
note that the temperature rise of the inte-
grated linear circuit is different from that of 
the discrete linear circuit. Since the integrated 
linear regulator’s package (DDPak) is larger, 
its dissipated heat is spread over more area. 
The discrete linear circuit using the SOT-23 
and SOT223 packages is smaller than the 
DDPak and has a higher package power- 
dissipation rating, which makes dissipating  
the heat more difficult.

Efficiency comparison
The thermal performance is directly related to 
the efficiency of each regulator. Figure 5 shows 
an efficiency comparison of all three circuits. 
As expected, the switching regulator excels at 
both light-load and full-load efficiency. At light 
loads, switching losses and quiescent-current 
losses become more pronounced, which 
explains the reduced efficiency at lighter loads. 
At light loads, it is better to view the power-
loss graph (Figure 6) than the efficiency graph, 
since a 50% difference in efficiency at 10 mA 
seems like a large margin. However, the 
amount of current consumed by the load is 
small. When the input voltage is 24 V and the 
output current is 10 mA, the power loss of the 
switching regulator is 2.8 mW, and the loss of 
the integrated linear regulator is 345 mW. At 
full load, the measured power dissipated is 
0.093 W for the switching regulator versus  
2.06 W for the linear regulator, which shows a 
wide margin and a drastic improvement.

Table 3 summarizes the efficiency and power 
loss of all three circuits. Note that the quies-
cent current of the discrete linear circuit is 
lower than that of the integrated linear circuit. 
The integrated linear regulator has more power- 
consuming internal circuitry and incorporates 
more features than the discrete linear circuit.

Power Management

Table 3. Summary of efficiency and power loss

REGULATOR TYPE

MAXIMUM LOAD NO LOAD

EFFICIENCY  
(%)

POWER LOSS  
(W)

QUIESCENT CURRENT  
(mA)

Switching 84 .5 0 .093 0 .5

Integrated Linear 20 .0 2 .06 5 .5

Discrete Linear 20 .1 2 .02 4
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Figure 6. Power loss versus load current

表3 效率和功率损耗总结表

图5 效率与负载电流的关系曲线图

图6 功耗与负载电流的关系曲线图

效率比较

散热性能直接与每种稳压器的效率有关。

图5显示了所有三种电路的效率比较情况。

正如我们所预测的那样，在轻负载和全

负载效率两方面，开关式稳压器均表现优

异。在轻负载下，开关损耗和静态电流损

耗更加明显，其解释了更轻负载下效率较

低的原因。轻负载下时，最好是查看功耗

曲线图（图6），而非效率曲线图，因为

10mA下50%的效率差异看似为一个较大的

余量。但是，负载消耗的电流较小。当输

入电压为24V而输出电流为10mA时，开关

式稳压器的功耗为2.8mW，集成线性稳压

器的功耗则为345mW。在全负载条件下，

开关式稳压器的测得功耗为0.093 W，而线

性稳压器则为2.06W，其表明余量较宽并

且性能获得明显改善。

表3总结了所有三个电路的效率和功耗。注

意，离散线性电路的静态电流小于集成线

性电路。相比离散线性电路，集成线性稳

压器内部电路的功耗更高，并拥有更多的

功能。

输出电压特性

模拟电路对电压纹波敏感，而数字处理器

则对内核电压的精度敏感。应查看电源的

电压纹波、电压调节精度以及负载瞬态期

间的电压峰值偏差，这一点很重要。线性

稳压器本身的纹波较低，可用于消除开关

式稳压器的噪声。在最大负载条件下，集
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Output-voltage characteristics
Analog circuits may be sensitive to voltage  
ripple, and digital processors may be sensitive 
to the accuracy of the core voltage. It is impor-
tant to check the power supply’s voltage ripple, 
voltage-regulation accuracy, and voltage-peak 
deviations during load transients. Linear regula-
tors inherently have low ripple and are used to 
remove noise from switching regulators. The 
voltage ripple of both the integrated and the 
discrete linear-regulator circuits under maxi-
mum load is under 10 mV. When expressed as a 
percentage of the output voltage, accuracy is 
better than 0.2%. On the other hand, the volt-
age ripple of the switching regulator is 75 mV, or 
1.5% of the output voltage. The low equivalent 
series resistance of the switching regulator’s 
ceramic output capacitor allows for the circuit’s 
low ripple, despite the switching regulator’s 
inherent noise.

Comparing the output-voltage accuracy of the 
switching and linear regulators from no load to 
full load shows that the switching regulator has 
better performance. Further inspection of the 
product specification tables reveals that the ref-
erence voltage of the switching regulator is the 
most accurate of the three circuits. The switch-
ing regulator is a relatively new integrated  
circuit, and DC/DC converters are trending 
towards higher reference-voltage accuracies. 
The discrete linear circuit, which uses a simpler 
method for regulating the output voltage, has 
the worst performance. In many cases, applica-
tions do not need high voltage accuracy since 
the 5-V output may be postregulated.

The load-transient plots can be seen in 
Figures 7 through 9. Although the switching 
regulator has high output-voltage accuracy, its 
measured peak-to-peak voltage during a load 
transient is not as competitive as that of the lin-
ear circuits. The switching regulator’s measured 
peak-to-peak voltage during a 50- to 100-mA 
load step is 250 mV, or 5% of the output volt-
age, compared to 40 mV for the linear circuits. 
Additional output capacitance can be added to 
the switching regulator to reduce the voltage 
peaks, but with penalties in cost and size. Note 
that the discrete linear circuit is not designed to 
attempt recovery of the output voltage during a 
load transient. Also, the simplicity of the circuit 
does not allow for current limiting or thermal-
shutdown protection!

Time (1 ms/div)

4

3

Output Voltage (AC, 200 mV/div)

Load Current (100 mA/div)

Figure 7. Switching regulator during load transient

Time (1 ms/div)

4
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Figure 8. Integrated linear regulator during load transient

Time (1 ms/div)

4

3

Output Voltage (AC, 50 mV/div)

Load Current (100 mA/div)

Figure 9. Discrete linear regulator during load transient

成和离散线性稳压器电路的电压纹波均

小于10mV。以输出电压百分比表示时，

精度应大于0.2%。另一方面，开关式稳

压器的电压纹波为75mV，即输出电压的

1.5%。开关式稳压器的陶瓷输出电容器

的低等效串联电阻特点，使这种电路的

纹波较低，但存在开关式稳压器的固有

噪声。

比较空载到全负载时开关式稳压器和线

性稳压器的输出电压精度表明，开关式

稳压器拥有更高的性能。进一步查看产

品规格表，我们可知道，开关式稳压器

的基准电压是三种电路中精度最高的。

开关式稳压器是一种相对较新的集成电

路，并且DC/DC转换器正朝着更高的基

准电压精度发展。离散线性电路使用一

种更加简单的方法来调节输出电压，其

性能最低。在许多情况下，由于调节后

输出电压为5V，许多应用不需要高电压

精度。

图7到图9显示了负载瞬态曲线图。尽管

开关式稳压器拥有高输出电压精度，但

其在负载瞬态期间测得的峰值到峰值电

压并没有线性电路好。50mA到100mA
负载步进期间，开关式稳压器的测得峰

值到峰值电压为250mV，即输出电压的

5%，而线性电路则为40mV。我们可

以为开关式稳压器添加更多输出电容，

以降低电压峰值，但是代价是成本和尺

寸的增加。注意，离散线性电路的设计

目的并非是恢复负载瞬态期间的输出电

压。另外，简单电路无法实现限流或者

热关断保护功能！

图7 负载瞬态期间的开关式稳压器

图8 负载瞬态期间的集成线性稳压器

图9 负载瞬态期间的离散线性稳压器
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Table 4 summarizes the output-voltage characteristics of 
the three regulator designs.

Cost comparison
Most of the external components used in these circuits are 
small, passive resistors and capacitors that cost well below 
$0.01. The highest-cost component of the three circuits is 
the silicon. Costs for all three bills of materials (BOMs), 
shown in Table 5, were collected from U.S. distribution 
channels at 10,000-unit suggested resale pricing. As can 
be seen, both linear-regulator solutions cost much less 
than the switching regulator. Unfortunately, the switching 
regulator requires an external inductor, which can cost 
about $0.10; but the improvement in efficiency and size 
may be worth the additional cost. The cost difference 
between the integrated and discrete linear circuits is only 
$0.06! The protection features alone may prove the value 
of the integrated over the discrete linear regulator.

Conclusion
There are many power-management solutions available to 
designers, and the best solution depends on the particular 
needs of the application. Power-management solutions that 
reduce energy consumption and save board space allow 
designers to make their products more differentiated and 
attractive on the market. A synchronous buck converter 

offers drastic improvements in efficiency and board space 
compared to either linear circuit. If a design must have the 
absolute lowest cost, a discrete linear circuit can help, but 
the trade-off is worse performance with potential penal-
ties, such as the additional cost of heat sinking and the 
lack of protection features.

Table 6 summarizes the characteristics of all three regu-
lator designs to aid the designer in choosing the best solu-
tion for a given application.
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Table 4. Summary of output-voltage characteristics

REGULATOR TYPE
MAXIMUM  

LOAD RIPPLE (mV)

OUTPUT TRANSIENT WITH  
50- TO 100-mA LOAD STEP 

(mV)

REGULATION ERROR WITH  
0- TO 100-mA LOAD STEP 

(mV)

Switching 75 250 1 .5

Integrated Linear <10 40 0 .7

Discrete Linear <10 40 21 .8

Table 5. Summary of BOM cost

REGULATOR TYPE
BOM COST AT 10-ku RESALE PRICE 

(U.S. DOLLARS)

Switching 1 .80

Integrated Linear 0 .32

Discrete Linear 0 .26

Table 6. Characteristics of 5-V/100-mA regulators with a 24-V input

REGULATOR TYPE
BOM COST AT 10-ku RESALE PRICE 

(U.S. DOLLARS)
VOUT RIPPLE 

(mV)

FULL-LOAD  
EFFICIENCY  

(%)
BOARD AREA  

(in2) COMPLEXITY

Switching 1 .80 75 84 .5 0 .14 High

Integrated Linear 0 .32 <10 20 .0 2 .25 Low

Discrete Linear 0 .26 <10 20 .1 2 .25 Medium

表4总结了三种稳压器设计的输出电压特性。

成本比较

这些电路中使用的大多数外部组件均为小型、无源电

阻器和电容器，成本不超过0.01美元。三个电路中成

本最高的组件是硅。所有三个材料清单（BOM）的

费用（如表5所示），均收集自10000颗批发建议销

售定价的美国销售渠道。正如我们所看到的那样，线

性稳压器解决方案的成本远低于开关式稳压器。不幸

的是，开关式稳压器要求使用一个外部电感，其费用

约为0.10美元，但它所带来的效率提高和尺寸缩减值

得我们为此多给钱。集成和离散线性稳压器的成本差

异仅为0.06美元！单是保护功能就能证明集成线性稳

压器相比离散线性稳压器的优势所在。

结论

有许多电源管理解决方案可供设计人员选择，但需根

据具体应用需求来选择最佳的解决方案。那些能够降

低能耗和节省板空间的电源管理解决方案，使设计人

员让其产品具备更加差异化的特性，并在市场上表现

出对用户的吸引力。相比线性电路，同步降压转换器

的效率更高，板空间更节省。如果某个设计必须实现

最低的成本，则可使用离散线性电路，但其性能最

低，并且还存在许多潜在问题，例如：散热和缺少保

护功能等。

表6总结了所有三种稳压器设计的特性，帮助设计人

员为某种具体应用选择最佳解决方案。
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