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1. Executive Summary 
 
This report outlines the process of the research, design and implementation of a power supply in order to meet 

the specification of a company within the clear vision sector of automotive industry, primarily used for clearing 

pollutant that comes into contact with headlight, windshield and camera systems on automotive vehicles.  

 

The customer’s specification was received and reviewed to ensure that it could be met within budget whilst 

meeting all relevant standards. Research was undertaken into the system as a whole, consequently resulting in 

further research into the 4 main sub-sections that are integrated together to produce this circuit, providing an 

underpinning knowledge of the requirements of each sub-circuit. 

 
Research was ventured into the differing power supply technologies, primarily the ‘Linear’ and ‘Shunt’ 

regulators. It was found that the application in question would benefit largely from the use of the linear regulator 

configuration due to its low cost, low development time and simplicity in the aspect of required components. 

The design of a switch-mode power supply (SMPS) is far more complex, increasing costs and extending 

development times, and the requirements of this application does not require the benefits of the SMPS such as 

low heat generation and smaller stature. 

 
The first design element saw the requirement to choose a suitable voltage regulator, research into voltage 

regulators found that the Motorola’s MC1732C offered suitable characteristics required for the design. 

Established design methods, equations and analysis of ‘Schade Curve’ graphs were implemented in conjunction 

with the bottom-up approach, designing from the linear regulator sub-circuit through to the transformer sub-

circuit. This design choice was implemented as it is less complex to start at the regulator and work backwards, 

than to start at the power supply and work forwards. This is largely due to the stringent requirements of the 

regulator compared to the other circuits. It was found that it would be easier to find components to complement 

the regulator circuit than vice versa. Suitable components were chosen from reputable suppliers after each 

design stage. 

 

The final design element undertaken was performed in the thermal analysis area, this was performed to 

determine whether a heatsink was required, and if so, what heatsink suits this application. Through research 

into the characteristics of the series-pass transistor and trusted calculations it was determined that a heatsink 

is required, a suitable heatsink was chosen.  

 

The simulation aspect was found to be highly useful. Testing started with the Linear Regulator sub-circuit. It was 

found that the circuit with components based directly upon the design calculations worked well, however, a 

small error was seen on both output voltage and current. Slight adjustments to resistor R2 enabled the 

customer’s specification to be met with no errors. Further testing into the sub-circuits Line and Load regulation 

proved that the circuit was operating as designed. 
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Further successful testing was undertaken into the ‘front-end’ sub-circuits, all performing as intended with the 

exception of simulation errors that occurred during the addition of the smoothing capacitor. 

 

The final testing element saw the integration of both the Linear Regulator circuit and the front-end circuit to 

create overall power supply circuit. The stringent testing performed on each sub-circuit enabled the circuit to 

successfully operate to customer specifications first time. The error produced by the capacitor was seen again, 

causing the input voltage to the regulator to rise to 33Vdc compared to the desired 24Vdc. However, figures 

obtained from the ‘Line Regulation’ test proved the voltage regulators high tolerance to input voltage, ensuring 

no adverse effects would occur due to the simulation error.  The final test saw the measurement of remaining 

AC component in the regulated DC output, this was found to be 578.5𝜇𝑉௣ି௣, meeting the maximum 

requirement of 1mV output ripple stated in the specification.  

 

It was concluded that the design and implementation were successful, the research undertaken into the circuit 

principles and components was found to be extensively useful, providing key underpinning knowledge into the 

operation of key components and the overall system. The approach to the bottom-up design method was found 

to be highly efficient, enabling the design and testing to be successfully completed within a short time period, 

this quick design and analysis was achieved through tried and tested equations coupled with detailed analysis 

within Multisim enabling efficient and accurate foundations to fully analyse the systems performance. The 

success of the report was further proven, tabulated evidence displayed the comparison between the design and 

specification showing strong correlation, further confirming the success of the design.  

 

Recommendations were made to further develop knowledge and improve the circuit’s performance. The 

addition of ‘Voltage Clamping’ was found to be an efficient method of ‘clamping’ the output voltage at a safe 

level under fault conditions. Further recommendations explored the potential of the design and implementation 

of a shunt regulator power supply and switch mode power supply, enabling analysis to be undertaken comparing 

the operation, complexity and performance off the differing power supply designs.  
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2. Requirements and Specification 
 

A customer within the clear vision sector of the automotive industry has the requirement for a power supply to 

be designed to be incorporated into their control systems for the testing of automotive water pumps. The power 

supply is required to deliver 12Vdc to the pump during its functional test before full assembly of the pump and 

reservoir unit, with the overall unit controlling the washer fluid delivered to the vehicle’s windscreen. The pump 

has a winding with a resistance of 6Ω, therefore the power supply must deliver 2A of current. 

 

The power supply will be incorporated in a key functional test during the manufacturing process. This test 

confirms that the pump is operating correctly, this is established through measuring a ‘healthy’ current draw. A 

precision ‘Shunt’ resistor is connected in series between the power supply and the pump, generating a low-

resistance path for the current. The voltage drop across the resistor is measured by an ‘ISOCON-6’ signal 

converter. This signal is scaled and converted into a 4-20mA signal sent to a PLC, the PLC logic then determines 

if the pumps current draw is sufficient to pass or fail. 

 

Due to the nature of the system, the power supply is housed within a Rittal control panel cabinet with climate 

control ensuring that the minimum temperature is 0˚C, with the maximum being 25˚C. The power supply must 

be din rail mountable, with the exception of direct mounting to the back plate with suitable fixings. The 

functional design specification of the power supply states further requirements for the system. In order to 

prevent a floating voltage on the output, the transformers secondary 0V must be connected to ground. Both the 

primary and secondary of the power supply must be appropriately fused, however, this is only a requirement 

during implementation into the control system. 

 

All requirements for the power supply are outlined in table 1. 

 

Power Supply Requirements 
Parameter Requirement 

Supply Voltage (Transformer Primary) 240VAC -6/+10% 
Supply Frequency 50Hz 

Output Voltage (Vo) 12Vdc ± 0.1V 
Output Current (Io) 2Adc  ± 0.1A 

Ambient Temperature Rating 0°C to 25°C 
Output Ripple ≤  1𝑚𝑉௉ି௉ 

Load Regulation ≤  1% 
Dimensions 150mm x 150mm x 130mm 

Weight Not applicable (Not part of a portable system) 
IP Rating Mounted in IP65 control panel 

Cost ≤ £160 
Table 1 – Power Supply Requirements  
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All good design procedures will be considered and followed throughout the design; guidance will be received 

from the various British, International and European standards seen in table 2. Following good working practices 

and relevant standards enables the component to be CE/UKCA marked to ensure that the product affirms with 

relevant EU and UK legislation (GOV.UK, 2020).  

 

The control panel that will house the power supply is designed to ‘BS EN 60204-1:2018 Safety of machinery. 

Electrical equipment of machines. General requirements’ and ‘BS EN ISO 13849-1:2015 Safety of machinery. 

Safety-related parts of control systems. General principles for design’ allowing for CE/UKCA marking of the entire 

system (engineering, 2021). 

 
Relevant Standards applicable to Power Supply Design 

Standard No. Standard 
BS IEC 60748-1:2002 Semiconductor devices and Integrated Circuits - General 

BS EN 62132-1:2016 Integrated circuits – Measurement of electromagnetic immunity 

BS EN 60940:2015 Integrated circuits. Measurement of electromagnetic immunity - General conditions and definitions 

BS EN 60204-1:2018 Safety of machinery – Electrical equipment of machines 

BS EN IEC 60384-21:2019 Fixed capacitors for use in electronic equipment - Sectional specification. Fixed surface mount 
multilayer capacitors of ceramic dielectric, Class 

BS IEC 60748-4-3:2006 Semiconductor devices. Integrated circuits - Interface integrated circuits. Dynamic criteria for 
analogue-digital converters (ADC) 

Table 2 – Relevant Standards applicable to Power Supply Design 
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3. Design method, choices and calculations 
 
The premise of this report is based upon mathematical calculations implemented to calculate the ideal values 

of the systems components. Circuit modelling and analysis is executed through NI Multisim, each sub-circuit 

seen in figure 1 will be individually functionally tested, with the integration of  all sub-circuits together to 

produce the overall power supply circuit for final testing and analysis. This is based upon the ‘Bottom-up’ 

methodology where by the primitive operations such as design and calculations of the individual components 

are implemented first known as the ‘base elements’. These elements are merged together to create the overall 

system.   

 

There are four key elements to the design of a power supply as seen in figure 1.  

The first element is the transformer, this component is required to reduce the incoming voltage to a lower 

voltage that the rectifier can deal with. In this application, an input supply voltage of 240VAC at 50Hz is 

connected to the transformers primary winding, the transformer will reduce or “step-down” the voltage to a 

suitable level for the rectifier on its secondary winding, therefore a ‘step-down’ transformer is required (Daware, 

2020).  

The output from the transformers secondary winding will supply a ‘full-bridge rectifier’, this is a bridge of four 

diodes connected in a closed loop bridge configuration. The diode arrangement converts the AC input into a 

rippled DC output. 2 of the 4 diodes will conduct the supply current through the positive half-cycle, whilst the 

remaining two conduct through the negative half cycle, allowing the full input sine wave to be utilised on the 

output (DERF, 2018).  

 

The rippled output from the bridge rectifier is not ideal, the third element is the smoothing capacitor stage. This 

stage is a means of smoothing the rippled DC. An electrolytic capacitor is connected in parallel with the rectified 

output, smoothing it. On the positive half cycle the capacitor charges, on the negative half cycle it discharges 

delivering a filtered DC output, removing large amounts of undesired AC component (DERF, 2018).  

 

The final element is the regulator. This is required as the smoothing capacitor cannot provide total voltage 

stability. This circuit will create and maintain the fixed output voltage, disregarding changes to its input voltage 

or load conditions, ensuring that the power supply is operating within a range that is compatible with its load 

(monolithicpower, 2019). 

Figure 1 - Power Supply Block Diagram 
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3.1 Linear Regulator 
 

The first design element is the regulator, more specifically a linear regulator, this element is the power 

management device for the circuit. Linear regulators are best suited to ground-based power supplies where the 

generation of heat is not a major concern and a voltage of less than 40VDC is required. Benefits of linear 

regulators include their low cost, low development time and zero radiofrequency interference. (Brown, 2001). 

 

There are two common variations of the linear regulator, the shunt regulator and the series-pass regulator. The 

shunt regulator is placed in parallel with the load and an unregulated current source is connected to a higher 

voltage source. The shunt regulator draws output current to maintain a regulated voltage across the load given 

a variable input voltage and load current, this is the principle of the Zener diode regulator (Brown, 2001).  

 

A more efficient configuration is the series-pass regulator, this uses an active semiconductor like a BJT as a series-

pass component between the input and the load. This configuration operates in linear mode, in this mode it 

operates as “partially on” instead of on or off. Therefore, it is reliant on the variable conductivity of its active 

component to deliver a regulated output voltage by acting like a variable resistance. This BJT then “drops” the 

unwanted voltage (𝑉ூே − 𝑉ை௎்) across itself, this is known as the “headroom”. A negative aspect of the linear 

regulator is that it dissipates power as heat, this is so it can regulate the output voltage. This can often be a 

significant amount of power to dissipate therefore heatsinks are often a requirement. A method of limiting the 

dissipation of heat can be employed in the circuit design, the input voltage can be limited to around 3V greater 

than its output, limiting the power dissipated whilst improving the efficiency. 

 

A negative feedback loop determines the conductivity degree the transistor needs to perform at to maintain an 

accurate output voltage. This negative feedback is possible by a ‘voltage error amplifier’. This is an operational 

amplifier with high-gain which compares the difference between a stable reference point and the output 

voltage, if an error is found between the reference point and the output, a correction is made to the series-pass 

components conductivity to increase or decrease as necessary. As the load increases, the output voltage will 

fall, in turn increasing the amplifiers output providing more current to the load. Opposingly, as the load 

decreases, the output voltage will rise causing the error amplifier to decrease the loads pass unit current.  

 

Research was undertaken into a suitable voltage regulator for this application, it was found that the Motorola 

MC1723C is suitable for this application, it is capable of delivering an output current of 150mA, between an 

output voltage range of 2Vdc to 37Vdc. The current output can be increased through the use of external pass 

transistors in the NPN current boost configuration as seen in figure 2.  

 

The MC1723C operates with a line regulation of 0.01% and a load regulation of 0.03%. Therefore, at 12VDC, 

changes to its input voltage and changes in its load within its permissible load range will only affect its output 

voltage by millivolts (ibex, 2018). 
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The MC1723C is operational in conditions between 0° to +70°C, with a short circuit current limit of 65mAdc 

(Motorola, 2001). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
As the voltage regulator has been chosen, a value for capacitor 𝐶ோாி is chosen, from the datasheet seen in 

appendix 8.3.1 it states that 0.1μF is an ideal value for low noise operation, therefore: 

𝐶௥௘௙  =  0.1𝜇𝐹 
 
The value for R1 + R2 is then determined, the datasheet seen in appendix 8.3.1 specifies that this value should 

be within the range of 10KΩ and 100KΩ, a value of 20KΩ is chosen: 

 
𝑅1 +  𝑅2 =  20𝐾𝛺 

 

R2 is calculated using the equation below, with 𝑉௢  being the desired output voltage: 

 

𝑅ଶ  =  
𝑉௥௘௙

𝑉௢
 × (𝑅ଵ × 𝑅ଶ) 

 
 
 
From the datasheet seen in appendix 8.3.1 it is found that 𝑉௥௘௙  is 7Vdc, therefore: 

 

𝑅ଶ  =  
7𝑉

12𝑉
 × (20 × 10ଷ)  =  11.667𝐾𝛺 

 
 

As 11.667𝐾𝛺 is not a standard resistor value, 𝑅ଶ is increased to 12𝐾𝛺. R2 should have leeway for adjustment to 

accurately set up the output characteristics. 

 

R1 is found using the equation below:  

 
𝑅ଵ =  20𝐾𝛺 −  𝑅ଶ  =   20𝐾𝛺 −  12𝐾𝛺 =  8𝐾𝛺 

Figure 2 - MC1723C in NPN Current Boost Configuration 
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8KΩ is not a standard value resistor, referring to the standard resistor table seen in appendix 8.1: 
 

𝑅ଵ = 8.2𝐾𝛺 
 

𝑅ଷ is then calculated using the equation below: 

 

𝑅ଷ =
𝑅ଵ × 𝑅ଶ 

𝑅ଵ + 𝑅ଶ 
 =  

8.2𝐾Ω × 12𝐾Ω

8.2𝐾Ω + 12𝐾Ω
 =  4.87 𝐾Ω 

 
 
 
Referring to the standard resistor value table in appendix 8.1, 4.87KΩ is not a standard resistor value, therefore 

𝑅ଷ  is chosen below: 

 
𝑅ଷ = 5.1 𝐾Ω 

 

The maximum current is determined by the current sense resistor (𝑅ௌ஼). These resistors inherently have a low 

Ohmic value and a high-power value in order to limit power consumption. The purpose of this resistor is to gauge 

the flow of current, the calibrated resistance senses the current flow and therefore determines the voltage drop 

across it. If the voltage-drop across 𝑅ௌ஼  exceeds 𝑉஻ா  (0.66V), the series-pass transistor will stop further 

conduction holding the current at that point. This is a simple and economical method of current flow 

measurement, mitigating the effect of overloads and short-circuits (Electronics, 2019).  

 

As seen in the MC1323C datasheet seen in appendix 8.3.1, 𝑅ௌ஼  is connected across pins 2 & 3 which is the base-

emitter junction of the transistor, this produces an inherent volt-drop 𝑉஻ா  of around 0.6V, this is taken into 

account within the calculation. The chip utilises this as short-circuit current protection, when the volt drop is 

greater than 0.6V it determines that current drawn is greater than the the circuit is designed for, in-turn reducing 

the voltage and current to prevent damage. 

 

𝑅ௌ஼ is calculated below, where 𝐼ௌ஼  the required output current: 

 

 

𝑅ௌ஼ =
0.6𝑉

𝐼ௌ஼
 =  

0.6𝑉

2𝐴
 =  0.3𝛺 

 
 

The power rating for 𝑅ௌ஼   is calculated below: 

 

𝑃 = 𝐼ଶ ×  𝑅 =  2ଶ  ×  0.3𝛺 =  1.2𝑊 
 

 

Therefore 𝑅ௌ஼  is chosen as 0.3𝛺, 1.2𝑊 
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The input voltage (𝑉ூே) is then determined using the equation below, where 𝜙 is equal to the 0.6V voltage drop 

across the transistors base-emitter junction (𝑉஻ா): 

 

 
𝑉௜௡ ≥ 𝑉௢௨௧ + 2𝜙 + 3𝑉 

 
𝑉௜௡ ≥ 12 + 1.2 + 3𝑉 

 
𝑉௜௡ ≥ 16.2V 

 

 

𝑉ூே has been calculated at a minimum of 16.2Vdc, therefore, in order for the regulator to function it requires a 

minimum supply voltage of 16.2Vdc.  Linear regulators have a high tolerance to its incoming voltage; therefore, 

it is safer to marginally increase the input voltage to ensure full operation. For this design, 𝑉ூே is increased to 

20Vdc, this allows for adequate voltage to be supplied to the linear regulator, whilst also allowing for ease of 

sourcing components as 20Vac transformers are widely available. 

 

Table 3 displays the circuit component values calculated for the regulator circuit. 

 
Linear Regulator – Calculated Components 

Component Calculated Value 
𝑅ଵ 8.2KΩ 
𝑅ଶ 12KΩ 
𝑅ଷ 5.1KΩ 
𝑅ௌ஼  0.3𝛺, 1.2𝑊 

𝐶ோாி 0.1𝜇𝐹 
𝑉ூ 20V 
𝑉ை 12V 

Table 3 – Linear Regulator: Calculated Components 
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3.2 Series Pass Element 
 
As seen in the data sheet in appendix 8.3.1, Motorola recommend the use of an NPN transistor in series between 

the supply voltage and load. In this configuration the IC regulator provides a current to the transistor base (𝐼஻). 

This allows the series-pass element to act like a current amplifier increasing the output current (𝐼ை) potential.  

 

The Series-Pass element is researched and chosen, the requirements for this component are seen in table 4.  

 

Table 4 – Linear Regulator: Series Pass Element Requirements 

 

Firstly, the minimum ℎ௙௘  is calculated: 

 

ℎ௙௘ = ≥   
𝐼ௌ஼

𝐼ை
@ 𝑉஼ா =  𝑉ூே  −  𝑉ை − φ, 𝑤ℎ𝑒𝑟𝑒 φ =  𝑉஻ா ைே  ≈  0.6V  

 
When: 
 

𝐼ௌ஼ =  2𝐴,    𝐼ை  =  100𝑚𝐴,    𝑉ூே  =  20𝑉𝑑𝑐,    𝑉ை  =  12𝑉𝑑𝑐 
 
 
ℎ௙௘: 
 

ℎ௙௘  = ≥  
2𝐴

100𝑚𝐴
 @  𝑉஼ா =  20𝑉𝑑𝑐 −  12𝑉𝑑𝑐 −  0.6𝑉𝑑𝑐  

 
 

ℎ௙௘  = ≥  20 @  𝑉஼ா =  7.4𝑉𝑑𝑐 @ 𝐼஼  =  2𝐴𝑑𝑐  
 

 

The calculation for ℎ௙௘  has determined that the transistors current gain must be ≥  20 when a load of 2Adc is 

drawn. The SOA (Safe Operating Area) of the transistor is the area where the transistor operates with high 

reliability (Manias, 2017), therefore: 

 
𝑆𝑂𝐴 =  2𝐴 @ 20𝑉𝑑𝑐 

 
 

 

Linear Regulator – Series Pass Element Requirements 
𝑉஼ாை ≥ 𝑉ூே(ெ஺௑) 

𝐼஼(ெ஺௑) ≥𝐼ௌ஼  

ℎ௙௘≥ ூೄ಴

ூೀ
 @ 𝑉஼ா = 𝑉ூே - 𝑉ை  − φ, where φ = 𝑉஻ா ைே ≈ 0.6V 

𝑃஽(ெ஺௑) ≥ 𝑉ூே × 𝐼ௌ஼  

𝜃௃஼ to allow for practical heatsinking 
Safe Operating Area (SOA) to withstand 𝑉஼ா  = 𝑉ூே @ 𝐼஼  ୀ  𝐼ௌ஼   
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Therefore, 

 
𝑃஽(ெ௔௫) ୀ 𝑉ூே ×  𝐼ௌ஼   

 
𝑃஽(ெ௔௫) ୀ  2𝐴 ×  20𝑉𝑑𝑐 =  40𝑊 

 
 
A transistor suited to this application is the ‘onsemi 2N3055G NPN Transistor’, 15 A, 60 V, 2-Pin TO-204AA (RS 

No. 103-2964) (Components, 2016). Table 5 compares the component requirements to the actual component’s 

parameters.  

 

As seen in table 5, the 2N3055G exceeds the device requirements, it is housed in a TO-204AA casing which allows 

for integration with a heatsink if required. Calculations will be undertaken in the thermal management analysis 

section to determine if its Thermal Resistance Junction-to-Case of 1.52˚C/W is satisfactory. This component is 

also supported in Multisims parts database. 

 
Series Pass Element – Comparison of Requirement and Chosen Component 

Parameter Required Value 2N3055G 
𝑉஼ா(ெ஺௑) ≥20Vdc 60Vdc 
𝐼஼(ெ஺௑) ≥2A 15Adc 
𝐼ை(ெ஺௑) ≥100mA 2Adc 

ℎ௙௘  ≥ 20 @  𝑉஼ா =  7.4𝑉𝑑𝑐 @ 𝐼஼  =  2𝐴𝑑𝑐 20-70Vdc @ 𝐼஼  =  4Adc 
𝑃஽(ெ஺௑) ≥ 40𝑊 115W 

∅௃஼  Determined under thermal management analysis 1.52˚C/W 
𝑆𝑂𝐴 𝑆𝑂𝐴 =  2𝐴 @ 20𝑉𝑑𝑐 𝑆𝑂𝐴 =  15𝐴 @ 60𝑉𝑑𝑐 

Table 5 – Series Pass Element: Comparisn of Requirement and Chosen Component  
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3.3 Input Stage 
 
Table 6 displays the key base values calculated from the regulator design circuit; these values are vital in the 

design of the front end. 

 
Regulator Design – Base Values 

𝑉௖  20 𝑉 
𝑉ோ௜௣௣௟௘  3V 

𝑉௠  30𝑉 
𝐼௢  2A 
𝑓 50Hz 

Table 6 – Regulator Design: Base Values 

 

The second design element is for the input stage of the circuit, this stage will supply the input voltage to the 

regulator circuit. This consists of three main elements: A transformer to step down the input voltage, a full-

bridge rectifier to convert the AC input into a rippled DC output and a smoothing capacitor to smooth the DC 

output from the full bridge rectifier. 

 

As per specification, the power supply will operate of a standard UK mains voltage of 240VAC at 50Hz, this will 

supply the primary side of the step-down transformer. This is an essential stage before the regulator as this 

provides dielectric isolation from the AC power supply. 

 
 

The first characteristic to be determined for the input stage is the ripple factor(𝑟௙): 

 

 

𝑟௙  =  
𝑉ோ௜௣௣௟௘ ௣ି௣

2√2 × 𝑉஼

 ×  100   

 
 

𝑟௙  =  
3𝑉

2√2  ×  20
 ×  100 = 5.303%  
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Using the value calculated for 𝑟௙, the value of 𝜔𝐶𝑅௅ is determined using the Schade Curve graph for the RMS 

Ripple Voltage for Capacitor-Input circuits as seen in figure 3, as the input stage will utilise a full-wave rectifier 

the top 4 lines on the graph are ignored. It is seen that at a ripple factor of 5.303% there is a minimum 𝜔𝐶𝑅௅ of 

9 and a maximum 𝜔𝐶𝑅௅ value of 18, a value of 14 is chosen for 𝜔𝐶𝑅௅ as this is around the mid-point of the 

range. 

 

 

The ratio of the parameter 𝑅ௌ/𝑅௅ is calculated as a percentage using the equation below: 

 
𝑉஼

𝑉ெ
=  

20

30
 =  66.667% 

 

Figure 3 - RMS Ripple Voltage for Capacitor-input circuits graph 
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The value of 𝑉஼/𝑉ெ  is used to choose the ratio of 𝑅ௌ/𝑅௅ on the Schade Curve graph for the relation of Applied 

Alternating Peak Voltage to Direct Output Voltage in Full-Wave Capacitor-Input Circuits, as seen in figure 4. 

 

As seen in figure 4, the nearest Schade curve to the plotted horizontal line is at an 𝑅ௌ/𝑅௅ value of 20%, this is 

the percentage ratio of 𝑅ௌ/𝑅௅. Using this obtained value of 𝑅ௌ/𝑅௅ and the below equation, a value of 𝑅௅ and 𝑅ௌ 

can be calculated: 

 
𝑅ௌ/𝑅௅  =  20%  

 
 

𝑅௅  =  
𝑉஼

𝐼ை
 =  

20

2
 = 10𝛺 

 
 

𝑅ௌ  =  0.2 ×
𝑉஼

𝐼ை
 = 0.2 × 

20

2
 =  2𝛺  

 

Figure 4 - Applied Alternating Peak Voltage to Direct Output Voltage in Full-Wave CI Circuits graph 
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3.4 Capacitor Stage 
 

The output from the rectifier is not pure DC, therefore it will possess some undesired AC component. The AC 

component can be removed by a parallel capacitor across the rectifiers output. Using the equation below, the 

minimum required capacitance for the smoothing capacitor is determined: 

 

 

𝐶 =  
𝜔𝐶𝑅௅  

2𝜋 ×  𝑓 ×  
𝑉஼
𝐼ை

 
  =  

14 

2𝜋 ×  50 ×  
20
2

 
 =  4.456338𝑚𝐹 

 
 

From the equation above, it is calculated that the minimum required rating for the smoothing capacitor is 

4.456mF (4456μF), the nearest common rated capacitor to this is the 4700μF (4.7 mF) capacitor. This capacitor 

will operate at a top voltage (𝑉ெ) of 30V. Therefore, as a general guideline the capacitor should be rated to 

double the working voltage, in this case at 60V. The operating of typical electrolytic capacitors is -30°C to +125°C 

which is well within the specified operating temperatures of the power supply (Subramanyam, 2014). 

 

The capacitor chosen is a KEMET 4700μF (RS No. 172-6838) with solder lugs to allow for tri rated cable to be 

soldered, table 7 displays the calculated requirements compared to the KEMET 4700uF (KEMET, 2020). 

 

Smoothing Capacitor – Comparison of Requirement and Chosen Component 

Parameter Requirement  KEMET 4700uF 

Capacitance 4700uF 4700uF 

Top Voltage (𝑉ெ) 60Vdc 63Vdc 

Temperature Range 0°C - 25°C -40°C - 85°C 

Table 7 -   Capacitor: Comparison between Calculated value and Chosen Component (KEMET, 2020) 
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3.5 Rectifier Stage 
 
The next design element is the full-wave bridge rectifier. In this topology 4 diodes are arranged in a bridge 

formation connected diametrically to the transformers secondary winding at nodes A & C with the load 

connected at nodes B & D as displayed in figure 5 (circuitstoday, 2012).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

In the full-bridge arrangement, the average current per diode is half of the output current (𝐼ை). This is calculated 

below as 𝐼ி(஺௏ீ): 

 

𝐼ி(஺௏ீ) =  
𝐼ை

2
 =  

2

2
 =  1𝐴 

 
 
 

The peak RMS current is then calculated: 

 
𝐼ி(௉௄)  =  5.2 × 𝐼ி(஺௏ீ) =  5.2 ×  1 =  5.2A  

 
 

 

The required surge current requirements for the Using the Schade Curve graph for the relation between RMS 

and Peak-to-Average Diode Current in capacitor-input circuits as seen in figure 6. 

Figure 5 - Full-Bridge Rectifier Circuit (circuitstoday, 2012) 
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The PIV is equal to 𝑉ெ,  in this case 𝑉ெ = 30Vdc as determined in section 3.4, and due to the guideline of doubling 

the working voltage in order to allow for potential surges on the mains lines, this in turn prevents any strain 

being placed on the rectifier. 

 

The minimum required surge current is calculated below, where ESR in ranges of < 0.1Ω are negated: 

 

 

𝐼ௌ௨௥௚௘  =  
𝑉ெ

𝑅ௌ +  𝐸𝑆𝑅
 =  

30𝑉

2𝛺
 =  15𝐴𝑑𝑐 

 
 

It is vital that the rectifier is able to withstand a surge current of 15Adc during its initial power on to allow for 

the capacitor to charge, 4700μF capacitors typically have an ESR value of 0.025, allowing for the ESR to be 

negated in this calculation. 

 

 
 
 

Figure 6 - Relation between RMS and Peak-to-Average Diode Current in capacitor-input circuits graph 
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Table 8 displays the calculated requirements for the rectifier compared to the Vishay GBU6G rectifier (RS No. 

145-1679) that has been selected, as seen when comparing the required value to the selected component, the 

GBU6G will perform well within the required values. It is also an available component in Multisims parts 

database (Components, 2019). The datasheet for GBU6G does not state its 𝐼ி(௉௄) value, however, as its 𝐼ி(஺௏ீ) 

value is 6Adc, it is determined that its peak current rating is far greater than the 5.1Adc required. 

 
Full Bridge Rectifier  – Comparison of Requirement and Chosen Component 

Parameter Required Value Vishay GBU6G 

𝐼ி(஺௏ீ) 1Adc 6Adc 

𝐼ி(௉௄) 5.2Adc - 

𝑉௜௡ ≥20V 280V (Maximum) 

𝐼ௌ௨௥௚௘ 15A 175A 

Table 8 - Full Bridge Rectifier: Comparison of Requirement and Chosen Component (Components, 2019) 
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3.6 Transformer Specification 
 
The transformer element of the design is calculated. Using the equation below, the transformers secondary 

voltage is calculated, where n = 2 for full-wave bridge rectifiers: 

 

𝑉ௌ =
൫𝑉ெ ା 𝑛(1.0)൯

√2
 =   

൫30 + 2(1.0)൯

√2
 =  22.627𝑉 

 
 
As 22.627V is an obscure voltage, this is rounded up to 24V. 240VAC to 24VAC is one of the most widely used 

transformers in control systems engineering, enabling the components to be sourced easily. The transformers 

ratio is calculated below: 

 

𝑅𝑎𝑡𝑖𝑜 =  
௏ುೝ೔೘ೌೝ೤

௏ೄ೐೎೚೙೏ೌೝ೤
 =  

ଶସ଴௏

ଶସ௏
 =  10: 1 𝑅𝑎𝑡𝑖𝑜   

 

The secondary current rating is then calculated: 

 

𝐼ௌ  =  √2 𝑥 𝐼ோெௌ  =  √2  × 2 =  2.828𝐴 
 

The secondary power rating is then calculated: 

 

𝑃𝑜𝑤𝑒𝑟 =  𝑉ௌ  × 𝐼ோெௌ ×  √2  = 24 ×  2 ×  √2   =  67.9𝑉𝐴 
 
 

The chosen component for the transformer is the RS Pro 100VA Panel Mount Transformer (Rs No. 880-2602) 

(Components, 2018). This exceeds the specification offering a higher power rating than required. Table 9 displays 

the transformer requirements compared to the chosen model, this model operates at 230VAC +/- 10%,  

therefore the proposed 240VAC supply voltage can be used. 

 
Transformer  – Comparison of Requirement and Chosen Component 

Parameter Required Value RS PRO (880-2602) 

Primary Voltage 240VAC 230VAC +/- 10% 

Secondary Voltage 24VAC 24VAC 

Power Rating 69.7VA 100VA 

Operating Frequency 50Hz 50Hz 

Mounting Type Panel Mount Panel Mount 

Table 9 - Transformer : Comparison of Requirement and Chosen Component  (Components, 2018) 
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3.7 Heatsink Design for thermal management 
 
Semiconductors under operation produce heat which originates at its junction and travels outwards. The 

semiconductor’s reliability and longevity are inversely proportional to the square of the change in junction 

temperature. For example, if the temperature change of the junction is halved, the life-expectancy of the 

component is quadrupled. Therefore, calculations are performed in order to ensure that the semiconductor can 

reliably operate within the power supply, if not a heatsink is required (Yong, 2012). 

 

The primary heat source is the junction, the heat is transferred from the junction to the case during operation. 

If a heatsink is required, the transistor is mounted on the heatsink (case to heatsink) as seen in figure 7.  

 

 

 

 

 

 

 

 

 

 

 

The equation below is used to calculate the operating junction temperature: 

 

𝑇௃  =  𝑇஺  + 𝑃஽  × ∅௃஺  

Where:` 

𝑇௃  =  𝐽𝑢𝑛𝑐𝑡𝑖𝑜𝑛 𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 (℃) 

𝑇஺  =  𝐴𝑚𝑏𝑖𝑒𝑛𝑡 𝐴𝑖𝑟 𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 (℃) 

𝑃஽ = 𝑃𝑜𝑤𝑒𝑟 𝐷𝑖𝑠𝑠𝑖𝑝𝑎𝑡𝑒𝑑 (𝑊) 

∅௃஺   =  𝑇ℎ𝑒𝑟𝑚𝑎𝑙 𝑅𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑓𝑟𝑜𝑚 𝑗𝑢𝑛𝑐𝑡𝑖𝑜𝑛 𝑡𝑜 𝑎𝑚𝑏𝑖𝑒𝑛𝑡 𝑎𝑖𝑟 (℃/𝑊) 

 

 

The thermal resistance from junction-to-ambient air is calculated using the equation below: 

 

∅௃஺  =  ∅௃஼ +  ∅஼ௌ  + ∅ௌ஺   

 

 

Figure 7  - Thermal boundaries of a Transistor (Yong, 2012) 
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Where: 

 

∅௃஼  = 𝑇ℎ𝑒𝑟𝑚𝑎𝑙 𝑅𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑜𝑓 𝐽𝑢𝑛𝑐𝑡𝑖𝑜𝑛 𝑡𝑜 𝑐𝑎𝑠𝑒 (℃/𝑊) 

∅஼ௌ  = 𝑇ℎ𝑒𝑟𝑚𝑎𝑙 𝑅𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑜𝑓 𝐶𝑎𝑠𝑒 𝑡𝑜 𝐻𝑒𝑎𝑡𝑠𝑖𝑛𝑘 (℃/𝑊) 

∅ௌ஺  = 𝑇ℎ𝑒𝑟𝑚𝑎𝑙 𝑅𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑜𝑓 𝐻𝑒𝑎𝑡𝑠𝑖𝑛𝑘 𝑡𝑜 𝐴𝑚𝑏𝑖𝑒𝑛𝑡 𝐴𝑖𝑟 (℃/𝑊) 

 

From the datasheet seen in appendix 8.3.2, the chosen transistor (2N3055G) has a thermal resistance from 

junction-to-case (∅௃஼) of 1.52˚C/W. It is also found in the 2N3055G datasheet that is implemented with a TO-

204AA metallic case which has an ∅𝒄𝒔 value of 0.5˚C/W. 

 

To calculate ∅ୗ୅, the power dissipated must be calculated: 

 

𝑃஽  =  𝑉ை  ×  𝐼ை   

𝑃஽  =  12𝑉 ×  2𝐴 =  24𝑊 

 

The maximum transistor operating temperature without a heatsink is then calculated: 

 

𝑇௃  =  𝑇஺ + 𝑃஽  × ∅௃஺  

 

Re-arranged: 

𝑇஺  =  𝑇௃  − 𝑃஽  × ∅௃஺  

 

 

Where 𝑇௃  =  200 and ∅௃஺  =  1.52℃/𝑊 

 

𝑇஺  =  200 − (24 × 1.52)  =  163.52℃/𝑊 

 

 

The equation  𝑇௃  =  𝑇஺  + 𝑃஽  × ∅௃஺  is rearranged: 

 

∅௃஺  =  
𝑇௃ − 𝑇஺

𝑃஽
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This equation is substituted into the original equation to find ∅ௌ஺, Where, 𝑇஺ = Ambient Temperature and 𝑃஽ = 

Power Dissipated. For this calculation 𝑇஺ is chosen at its worst-case scenario temperature of 25˚C: 

 

∅ௌ஺  =  
𝑇௃ − 𝑇஺

𝑃஽
  −  ∅஼ௌ  − ∅௃஼ 

 

∅ௌ஺  =  
200 −  25

24
  −  0.5 −  1.52 =  5.272℃/𝑊 

 

 

∅௃஺ is calculated below: 

 

∅௃஺  =  1.52 +  0.5 +  5.272 =  7.292℃/𝑊  

 

 

It is determined that the transistor will need a heatsink, due to its maximum junction-to-case temperature of 

1.52˚C/W. A heatsink is chosen from Mouser (576403B00000G). This offers a thermal resistance 5.1°C/W 

through convection and is small enough to be mounted on a panel back plate (Farnell, 2018). The maximum 

junction temperature including ambient temperature is calculated as: 

 

24 𝑥 (5.272 + 0.5 +  1.52)  +  25 =  199.6˚𝐶  

 
This is 0.4˚C less than the transistors maximum junction temperature therefore it is permittable. As the panel is 

climate controlled to a maximum of 25˚C it is not possible for the ambient temperature to increase to have a 

negative impact on the junction temperature. 
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4. Testing, results and analysis 
 
All sub-circuits are functionally tested individually, this enables each circuit to be tested and refined if required 

to produce the correct output. Also, individual functional testing reduces the complexity of fault finding if faults 

occur, when all sub-circuits are tested, they are integrated to produce the final circuit. 

 

4.1. Linear Regulator Testing 
 
Figure 8 displays the Multisim design of the regulator circuit; the regulator is designed from the calculated values 

from sections 3.1 & 3.2. Multisim does not include the Motorola MC1723C in its parts database, an alternative 

to this in the ‘LM723CN’ is used, this alternative is also characteristically suited to this application. A value of 

24Vdc is applied for 𝑉ூே as this imitates the supply from the rectifier.  

 

Figure 8 shows that the circuit is operating under a 6Ω load which replicates the pump winding. The circuit 

operates close to the specification, a 3.2% error is seen on 𝐼ை௎்  compared to the desired 2A and a 3.29% error 

on 𝑉ை௎்  compared to the specifications 12Vdc requirement. Alterations to passive components can be made to 

improve this. 

 

 

To improve the accuracy of 𝑉ை௎்  and 𝐼ை௎் , the value of R2 is altered. A Standard resistor value of is 11KΩ chosen. 

As seen in figure 9, these values vastly improve the values of 𝑉ை௎்   and  𝐼ை௎்   to 12Vdc at 2A respectively, 

meeting the exact specification and reducing the errors for 𝑉ை௎்  and 𝐼ை௎்  to 0%.  

Figure 8 - Linear Regulator Testing: Original Component Values 
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Under full-load, the voltage across the series-pass transistor is measured, this allows for the power dissipated 

across it to be measured. As seen in figure 10, the collector-emitter voltage is 11.4V under full load, therefore 

the power dissipated across it: 

 

𝑃஽  𝐹𝑢𝑙𝑙 𝐿𝑜𝑎𝑑 = 𝑉஼ா  × 𝐼ை   

𝑃஽  𝐹𝑢𝑙𝑙 𝐿𝑜𝑎𝑑 =  11.4𝑉 × 2𝐴 =  22.8𝑊 

 

The datasheet in appendix 8.3.2 states that the 2N3055A transistor has a maximum power dissipation of 115W 

at 25˚C, therefore the dissipated power at full load is 92.2W lower than the permitted value. 

 

Figure 9 - Linear Regulator Testing: R2 adjusted to 11kΩ 

Figure 10 - Linear Regulator Testing: Power Dissipated across series-pass transistor under full-load 
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4.1.1 Short Circuit test of Linear Regulator 
 
The short-circuit aspect of the design is also tested to ensure that the current-sense resistor is designed correctly, 

ensuring that it limits the current drawn under a ‘short-circuit condition’ (SCC) as designed, the load is set at 0Ω 

to imitate an SCC. 

 

Figure 11 displays the linear regulator circuit under short-circuit conditions. As expected, 𝑉ை௎்  is measured at 

2.049mV as there is no potential difference across the load. In turn drawing 49𝑚𝐴 more than the specifications 

rated current at 2A, the rise in current under these conditions is minimal. This protects the series-pass transistor 

from thermal damage, restricting excessive power dissipation across it associated with short-circuit conditions. 

 

The total power dissipation across the series-pass element is calculated below as 47.91W, this is well within the  

2N3055A’s rating of 115W at 25˚C. 

 

𝑃஽ 𝑆ℎ𝑜𝑟𝑡 𝐶𝑖𝑟𝑐𝑢𝑖𝑡 =  23.383 ×  2.049  =  47.91𝑊  

 

 

 
 
 
 
 
 
 
 

Figure 11 - Linear Regulator Testing: Power Dissipated across series-pass transistor under short-circuit 
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4.1.2 Line Regulation Test 
 

Figure 12 shows the effect that varying the linear regulators input voltage (𝑉ூே) has on the output voltage, the 

voltage was increased from 0vdc to the regulators maximum rated input voltage of 40Vdc. As seen below, at 

approximately 16Vdc the desired output voltage of 12Vdc enters steady state, displaying the desired flat 

response, this is highly accurate to the calculation seen in section 3.1 where the minimum required value for 

‘𝑉ூே’ was calculated at 16.2Vdc. 

  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 12 - Linear Regulator: Line Regulation Test Results 
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4.1.3 Load Regulation Test 
 

The ‘Load Regulation’ test is performed to determine the power supply’s ability to maintain its constant desired 

output voltage despite variability in the resistance of its load. Figure 13 shows the results from varying the load 

resistance between 0Ω and 20Ω, the values of load voltage (𝑉௅) and load current (𝐼௅) are plotted against each 

other to determine the effect that various loads have on these circuit parameters. 

 

The test is started at 0Ω; therefore, the maximum possible current of 2.049A is drawn as this is under short-

circuit conditions, at this load the output voltage is at its minimum of 2.049mV as there is no potential difference 

across the load. As the load is increased in 0.5Ω increments, the output voltage increases by roughly 1Vdc per 

increment, with miniscule current fall.  At 6Ω optimum performance of the power supply is seen, delivering the 

specification requirement 12Vdc at 2A. As the load increased from 6.5Ω to 20Ω, the current fell steadily by 

around 110mA per increment. As expected, the load voltage was stable, marginally increasing by 85mV to 

12.085V under a 20Ω load. 

Figures 38 and 39 in appendix 8.4 display the circuit under full-load and no-load. Voltage under full-load 

measured at 12Vdc and Voltage under no-load measured at 12.087, therefore the voltage regulation percentage 

is calculated using the equation below, the specification requirement is ≤ 1%: 

 

% 𝑉𝑜𝑙𝑡𝑎𝑔𝑒 𝑅𝑒𝑔𝑢𝑙𝑎𝑡𝑖𝑜𝑛 =  
𝑉ேைି௅ை஺஽  −  𝑉ி௎௅௅ି௅ை஺஽

𝑉ேைି௅ை஺஽

 ×  100 

 
 

% 𝑉𝑜𝑙𝑡𝑎𝑔𝑒 𝑅𝑒𝑔𝑢𝑙𝑎𝑡𝑖𝑜𝑛 =  
12.087 −  12

12.087
 ×  100 =  0.72% 

 

Figure 13 - Linear Regulator: Load Regulation Test Results 
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4.2 Front End Testing 
 
The second stage of testing is the testing of the individual front-end circuit elements, these being the 

Transformer, Rectifier and Capacitor. Although the transformer was the last circuit element to be designed 

(other than the heatsink), it is more logical to test this first as it supplies the rectifier and capacitor elements.  

 

4.2.1 Transformer Testing 
 
Figure 14 displays the simulated power supply circuit. The primary winding of the 10:1 isolating transformer is 

supplied with 240VAC, the 10:1 winding reduces this by a factor of 10 to 24VAC. 24VAC is a more manageable 

input voltage for the rectifier, offering dielectric isolation from the voltage supply.  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
The transformer circuit is connected to an oscilloscope in order to display the process of the primary voltage 

being stepped down to 24VAC. Figure 15 shows the simulation results of the oscilloscope, as the average RMS 

voltage is difficult to determine on Multisim, the maximum voltage (𝑉ெ஺௑) is found at 339.282VAC for the 

primary and 33.928VAC for the secondary. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 14 - Power Supply Sub-circuit 

Figure 15 - Power Supply Sub-circuit: Oscillioscope results under test 
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Using the equation below the RMS voltage is calculated: 

 
𝑅𝑀𝑆 =  𝑉௣௘௔௞ ÷  √2 

Therefore: 
 

𝑃𝑟𝑖𝑚𝑎𝑟𝑦 =  339.282 ÷  √2  =  239.9𝑉𝐴𝐶  

 𝑆𝑒𝑐𝑜𝑛𝑑𝑎𝑟𝑦 =  33.928 ÷ √2 =  23.99𝑉𝐴𝐶 

 

The waveforms seen in figure 14 and equations prove that the front-end of the power supply is operating to the 

specification.  
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4.2.2 Rectifier Testing 
 
The next stage of the front end is the rectifier, figure 16 shows the GBU6G-E3/45 bridge rectifier connected to 

the output of the isolating transformer. The multimeter connected to the output of the bridge rectifier displays 

24.927Vdc, measuring 927𝑚𝑉 greater than expected. This error is likely caused during rectification as Multisim 

cannot determine if the output is DC or RMS. This error is further explained in section 4.3. 

Figure 17 shows the waveform obtained from the oscilloscope, this shows the rippled DC voltage output from 

the bridge rectifier at around 24.927V, proving the circuits operation is correct including the 0.9V error. The 

waveform is proven to be rippled DC as it is constantly in the positive half of the oscilloscope graph with the 

inclusion of some AC component seen by the oscillations. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 

Figure 16 - Rectifier Sub-circuit 

Figure 17 - Rectifier Sub-circuit: Oscillioscope result under test 
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4.2.3 Capacitor Testing 
 
Figure 18 shows the addition of the smoothing capacitor to the rectifier output, this will smooth the output from 

a rippled DC waveform to a pure DC output. However, the addition of the capacitor has caused the voltage to 

increase to 33.18V, this is due to Multisim not being able to interpret the voltage as rectified DC, as the output 

of the rectifier is not pure DC nor a Sinewave, Multisim cannot determine it as DC or RMS. The regulator has a 

high tolerance to the incoming voltage rating as demonstrated in the line regulation test, therefore an input of 

33.18Vdc will have no negative effect on the circuit performance. 

 

Figure 19 shows the oscilloscope graph of the front-end circuit with the capacitor, it shows that during the initial 

power on period the capacitor charges, after it has charged it enters steady-state DC. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 18 - Addition of Capacitor to Sub-circuit 

Figure 19 - Addition of capacitor to sub-circuit – Capacitor charge test 



Page 35 of 57 
 

4.3 Testing Full Circuit Integration 
 

Figure 20 shows the final circuit. The sub-circuits that create the ‘front-end’ circuit is integrated with the linear 

regulator circuit to produce the full power supply circuit. Figure 20 shows that under the load that imitates the 

pump winding (6Ω), the power supply successfully delivers exactly 2A at 12Vdc, successfully meeting the 

customer specification. The current-sense resistor (𝑅ௌ஼) operates well in conjunction with the linear voltage 

regulator to deliver a constant current of 2A. 

 

 

A four-channel oscilloscope is added to the circuit seen in appendix 8.5. Figure 21 visually shows the full process 

of the power supply from the 240VAC input to the rectified and regulated 12VDC output. The red trace displays 

the 240VAC input waveform, the blue trace displays the 10:1 step-down ratio of the supply to 24VAC, the green 

trace displays the rectification and smoothing of the AC signal to produce a rippled DC waveform, the purple 

waveform shows the regulated 12VDC output from the linear regulator. These waveforms prove the full 

functionality of the power supply. 

 

The discrepancy outlined in sections 4.2.2 and 4.2.3 is displayed on ‘Channel C’. The rectified and smoothed ‘DC’ 

output from the capacitor is measuring a voltage of 32.122Vdc. This discrepancy is not a design error, but due 

to Multisims inability to interpret a rectified AC voltage as DC, as it is neither a pure sinewave nor pure DC it 

cannot accurately determine its magnitude. This has no effect on the overall circuit due to the high input voltage 

tolerance of the regulator, as both the MC1723C chosen for the design requirements and the LM723CN used in 

the simulation both allow input voltages up to and including 40Vdc.  

 
  

Figure 20 - Power Supply Circuit: Integration of Sub-circuits 
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Figure 21 - Power Supply Circuit: 4 channel Oscilloscope results 
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An oscilloscope is connected across the load as seen in figure 22. The oscilloscope is connected in order to 

measure the AC component in the regulated DC output, known as ripple voltage. 

 

 

Figure 23 displays the measure ripple voltage at 578.5𝜇𝑉௣ି௣, this is marginal ripple and is within the 

specifications permitted value of 1𝑚𝑉௣ି௣. This value is so miniscule that the oscilloscope is set to 500𝜇𝑉/𝐷𝑖𝑣 

in order to view it.  

 
 
 

Figure 22 - Power Supply Circuit: Oscilloscope across load to measure ripple voltage 

Figure 23 - Power Supply Circuit: Output Ripple 
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5. Component List 
 

Table 10 displays the list of components required for the power supply construction, including suppliers, part numbers, manufacturers, quantities and costs 

per unit. 

 

 
 

*1 - 812-2338 is only available in quantities of 5 

*2 – 280-5121 is only available in quantities of 1000 

*3 - 538-1203 is only available in quantities of 5 

SGEE6005 - Power Supply Design Parts List 
Component Component Description Supplier Part Number Manufacturer Qty Cost per Unit 
Regulator MC1723C Voltage Regulator Finedon Electronics MC1723C Motorola 1 3.34 

NPN Transistor 2N3055 Series Pass Transistor RS Components 545-2210 onsemi 1 5.56 
Smoothing Capacitor KEMET 4700uF Electrolytic Capacitor RS Components 381-9756 KEMET 1 3.165 

Bridge Rectifier *1 GBU66-E3/45 6A 400V, 4-Pin GBU RS Components 812-2338 Vishay 5 1.59 
Transformer Panel mount - 100VA, 230VAC-24VAC RS Components 880-2602 RS PRO 1 58.46 

Heatsink Square Basket, Heat Sink, TO3, Horizontal, 5.1C/W, 31.75mm Farnell 576403B00000G AAVID 1 £1.72 
R1 8.2kΩ 25W Wire Wound Chassis Mount Resistor ±5% RS Components 615-0448 ARCOL 1 2.85 
R2 11kΩ 100W Aluminium Chassis Mount Resistor ±1% RS Components 162-3563 ARCOL 1 9.88 
R3 5kΩ 25W Wire Wound Chassis Mount Resistor ±1% RS Components 845-9848 Vishay 1 3.06 
Rsc 200mΩ 50W Aluminium Chassis Mount Resistor ±1% RS Components 162-3451 ARCOL 1 4.604 

C1 *2 Single Layer Ceramic Capacitor 100pF 6kV dc ±10% RS Components 180-5121 RS PRO 100 0.058 
C2 *3 100nF Multilayer Ceramic Capacitor MLCC 50V dc ±20% RS Components 538-1203 KEMET 5 0.338 

Total Cost (£) £107.99 

Table 10 – Power Supply Parts List 
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6. Conclusion and Recommendations 
 
 
The design, implementation and testing of the power supply has proved highly successful, meeting the 

customers specification and producing a stable power supply system. The specification outlined by the customer 

provided valid requirements for the power supply to be designed upon.  Research undertaken into the individual 

sub-elements that are implemented together to create the power supply circuit provided the underpinning 

knowledge and understanding required to design the system. Research into Regulated power supply’s outlined 

the differences between the two main variants, the ‘Series Regulator’ and the ‘Shunt Regulator’. It was found 

that the series is efficient under higher loads whilst providing excellent voltage regulation, therefore this 

configuration was chosen. 

 

Further research was undertaken into a suitable regulator for this application, it was found that Motorola’s 

MC1723 is suited to this application, allowing for the integration of a series-pass transistor in the NPN boost 

configuration to deliver the required 2A current. The datasheets for these components were found to be 

extensively useful. The implementation of tried and tested calculations was effective, enabling efficient design 

of the power supply in smaller sub-circuits for the regulator, series-pass transistor, and the ‘front-end’ circuit. 

The use of ‘Schade Curve’ graphs were found to be essential in accurately calculating parameters for the input 

stage and rectifier.   

 

Essential calculations on the thermal analysis of the system found that the series-pass transistor will be operating 

in temperatures far greater than its specification, the implementation of these calculations is essential in 

providing safety measures in terms of over-temperature, these calculations determined that a heatsink is a 

requirement for this design. Components were chosen after every design stage from reputable electronic 

suppliers, allowing for all components to be successfully chosen, either meeting or exceeding the design 

requirements. 

 

Testing was initially undertaken on each individual sub-circuit; this is a quicker method of diagnosing faults 

compared to the final circuit, drastically reducing the complexity. Throughout the design stage a clear 

understanding was developed on the expected operation of each sub-circuit, therefore testing the sub-circuits 

ensured that the final overall integrated circuit will work. 

 

The testing and analysis performed was highly successful, results obtained correlated with the expectations 

outlined in the specification and design stages. The initial testing of the linear regulator was partially successful, 

it proved that the regulator could deliver and maintain a steady voltage and current at the desired load, however, 

these values were close but did not meet the specification with errors of 3% for both 𝑉ை and 𝐼ை. The value of 

resistor ‘R2” was lowered from 12kΩ to the next ‘standard resistor value’ of 11kΩ, this enabled the regulator to 
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meet the exact specification requirement of 12Vdc at 2A under a 6Ω load, reducing the errors of 𝑉ை and 𝐼ை to 

0%, proving that the linear regulator is performing as required.  

 

Further tests were performed on the linear regulator sub-circuit to ensure that the power dissipated across the 

series-pass transistor under full-load and short-circuit meets the transistor requirements of not exceeding 115W 

at 25˚C. Calculations found that 22.8W is dissipated under full-load, increasing to 47.9W under short-circuit 

conditions, proving that the series-pass transistor is correctly suited for this application. Also proving that the 

current-sense resistor is working correctly in conjunction with the voltage regulator, limiting excessive current 

flow under short-circuit conditions to only 49mA above rated current.  

 

Both ‘Line Regulation’ and ‘Load Regulation’ tests were performed on the regulator. The line regulation test 

displayed the high tolerance that the regulator has on its incoming voltage. Varying the input voltage from 0Vdc 

to 40Vdc found that the output voltage reached the desired 12Vdc output at an input voltage of 16Vdc, 

correlating with the calculations seen in section 3.1, the desired output was successfully delivered  between 

input voltages of 16Vdc-40Vdc, correlating with the manufacturer’s documentation. The load regulation test 

displayed that the regulator successfully maintained an output voltage of 12Vdc as the load was increased 

passed 6Ω, also providing visual indication that the power supply can deliver 12Vdc at 2A. 

 

Tests were then undertaken on the front-end sub-circuit. The transformer, rectifier and capacitor were all 

tested. Both the transformer and rectifier performed well, however, the output from the capacitor increased 

9.067Vdc above the ideal 𝑉ூே value of 24Vdc, the reasoning behind this is explained below. 

 

The implementation of the two sub-circuits was highly successful. The final power supply circuit was tested 

under the 6Ω load , prosperously delivering the specification requirements of 12Vdc at 2A with no error. The 

addition of a four-channel oscilloscope connected at the transformer, rectifier, capacitor and regulator output 

was particularly useful in displaying the full process of producing  regulated 12Vdc from a 240VAC input.  

 

The only issues that arose during testing were due to Multisims inability to define the output from the front-end 

circuit as DC. As the output from this circuit is neither AC RMS nor pure DC, Multisim cannot determine it as DC, 

in turn producing an incorrect output of 33.067Vdc. Thus, causing greater power dissipation across the 

transistor’s collector-emitter junction. As this is a simulation error, and not a design error, these errors are 

negated with the most credible results from section 4.1 being taken as the true results. 

 
The final test was performed to measure the remaining ‘AC component’ in the regulated DC voltage, this was 

measured at a minuscule value of 578.5𝜇𝑉௣ି௣, far less than the required minimum value of 1𝑚𝑉௣ି௣. 

 
Table 11 portrays the success of the system design and implementation, comparing the specification 

requirements to the outcome of the design. As seen in this table, the simulated circuit met or exceeded the 

requirements outlined in the specification proving that the report is successful as a whole. 
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The choice of physical components in the design section enables a proven circuit to be constructed using tried 

and tested components under the customer’s budget.  

 

The ‘bottom-up’ approach was proven to be a successful design method, choosing the first component to be the 

voltage regulator allowed for proven calculations to be implemented to calculate the required active and passive 

components to suit the voltage regulator. The circuit design would have been far more laborious starting from 

the transformer sub-circuit, due to the stringent component requirements to complement the regulator. 

 

As a recommendation, over voltage protection could have been implemented in the circuit, methods such as 

‘Voltage Clamping’ where a Zener diode is connected across the regulators output terminal. This Zener diode 

will be rated slightly greater than the maximum output voltage, therefore under normal operating conditions 

the diode will not conduct. If the output voltage was to rise above the Zener diodes rated voltage, the diode will 

conduct clamping the voltage at just above rated voltage. More complex solutions could also be implemented 

such as the ‘SCR Crowbar’ method. However, for this circuit under the test conditions the voltage did not 

fluctuate to a dangerous level. Further stress testing could have been performed to analyse the linear regulators 

response to excessive voltage. 

An additional recommendation is the design of the power supply implementing a ‘Shunt Regulator’ to replace 

the linear regulator allowing for both power supply’s to be  compared technically in terms of operation, 

performance and cost.  

Further recommendations include the design of a ‘Switch Mode Power Supply’ to compare the design 

complexity, operation and efficiency to that of the Linear Regulated Power Supply.  
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Power Supply Specification Requirements compared to End Design 

Parameter Requirement End Design 

Supply Voltage (Transformer Primary) 240VAC -6/+10% 240VAC 

Supply Frequency 50Hz 50Hz 

Output Voltage (Vdc) 12Vdc ± 0.1V 12V 

Output Current (Idc) 2Adc  ± 0.5A 2A 

Temperature Rating 0°C to 25°C Will operate comfortably between 0°C to 25°C 

Output Ripple ≤  1𝑚𝑉௉ି௉ 578.511 𝜇𝑉௉ି௉ 

Load Regulation ≤  0.1% 0.72% 

Dimensions 200mm x 200mm x 130mm 150mm x 140mm x 107mm 

Weight Not applicable (Not part of a portable system) - 

IP Rating Mounted in IP65 control panel To be mounted in an IP65 control panel 

Cost ≤  £160 £107.99 

Table 11 – Power Supply Specification Requirements compared to End Design 



Page 43 of 57 
 

7. Works Cited 
 
Brown, M., 2001. Power Supply Cookbook. 2nd ed. Arizona: Newnes. 
ch00ftech, 2012. Standard Resistor and Capacitor Sizes. [Online]  
Available at: https://ch00ftech.com/wp-content/uploads/2012/05/resistorsandcaps.pdf 
[Accessed 03 01 2022]. 
 
circuitstoday, 2012. https://www.circuitstoday.com/full-wave-bridge-rectifier. [Online]  
Available at: https://www.circuitstoday.com/full-wave-bridge-rectifier 
[Accessed 14 11 2021]. 
 
Components, R., 2016. onsemi 2N3055G NPN Transistor, 15 A, 60 V, 3-Pin TO-204. [Online]  
Available at: https://uk.rs-online.com/web/p/bipolar-transistors/5452210 
[Accessed 15 01 2022]. 
 
Components, R., 2018. RS PRO 100VA Panel Mount Transformer, 230V ac Primary, 24V ac Secondary. [Online]  
Available at: https://uk.rs-online.com/web/p/din-rail-panel-mount-transformers/8802602 
[Accessed 03 01 2022]. 
 
Components, R., 2019. Vishay GBU6G-E3/45, Bridge Rectifier, 6A 400V, 4-Pin GBU. [Online]  
Available at: https://uk.rs-online.com/web/p/bridge-rectifiers/1451679 
[Accessed 03 01 2022]. 
 
Components, R., 2021. RS PRO 100VA Panel Mount Transformer, 230V ac Primary, 24V ac Secondary. [Online]  
Available at: https://uk.rs-online.com/web/p/din-rail-panel-mount-transformers/8802602/?relevancy-
data=7365617263685F636173636164655F6F726465723D31267365617263685F696E746572666163655F6E61
6D653D4931384E525353746F636B4E756D626572267365617263685F6C616E67756167655F75736564 
[Accessed 03 02 2022]. 
 
Crecraft, D., 2002. Analog Electronics. In: s.l.:Butterworth-Heinneman, p. 156. 
Daware, K., 2020. What is a Step-Down Transformer?. [Online]  
Available at: https://www.electronicdesign.com/power-management/whitepaper/21140276/what-is-a-
stepdown-transformer 
[Accessed 08 02 2022]. 
 
DERF, 2018. How a Bridge Rectifier works – Step by Step Tutorial. [Online]  
Available at: https://www.derf.com/how-a-bridge-rectifier-works-step-by-step-
tutorial/#:~:text=Bridge%20Rectifiers%20use%20four%20diodes,of%20the%20input%20AC%20signal. 
[Accessed 05 02 2022]. 
 
Electronics, T., 2019. What are Current Sense Resistors?. [Online]  
Available at: https://blog.ttelectronics.com/current-sense-resistors 
[Accessed 13 01 2022]. 
 
engineering, g.-t., 2021. IEC 60204-1: SAFETY OF MACHINERY - ELECTRICAL EQUIPMENT OF MACHINES. 
[Online]  
 
Available at: https://www.gt-engineering.it/en/en-iec-standards/en-iec-60204-1-safety-of-machinery-
electrical-equipment-of-machines2032460635 
[Accessed 13 02 2022]. 
 
Farnell, 2018. Heat Sink, Extruded Heat Sinks, High Power, 1.68 °C/W, TO-3, 120.7 mm, 31.8 mm, 76.2 mm. 
[Online]  
Available at: https://uk.farnell.com/wakefield-solutions/403-k/heat-sink-1-68-c-w/dp/3354209 
[Accessed 03 01 2022]. 



Page 44 of 57 
 

 
GOV.UK, 2020. Guidance CE Marking. [Online]  
Available at: https://www.gov.uk/guidance/ce-marking 
[Accessed 05 02 2022]. 
 
ibex, 2018. Line & Load Voltage Regulation. [Online]  
Available at: https://ibex.tech/resources/geek-area/electronics/power-supply/line-load-voltage-regulation 
[Accessed 13 01 2021]. 
 
KEMET, 2020. KEMET 4700μF Electrolytic Capacitor 63V dc, Solder Lug - ALT22A472BB063. [Online]  
Available at: https://uk.rs-online.com/web/p/aluminium-capacitors/1726838 
[Accessed 03 01 2022]. 
 
Manias, S. N., 2017. Power Electronics and Motor Drive Systems. 1 ed. s.l.:Elsevier. 
monolithicpower, 2019. Voltage Regulator Types and Working Principles. [Online]  
Available at: https://www.monolithicpower.com/en/voltage-regulator-
types#:~:text=A%20voltage%20regulator%20is%20a,with%20the%20other%20electrical%20components. 
[Accessed 05 02 2022]. 
 
Motorola, 2001. https://datasheetspdf.com/pdf/503472/Motorola/MC1723C/1. [Online]  
Available at: https://datasheetspdf.com/pdf/503472/Motorola/MC1723C/1 
[Accessed 13 11 2021]. 
 
Mouser, 2021. 576403B00000G. [Online]  
[Accessed 03 02 2022]. 
 
onsemi, 2000. 2N3055(NPN). [Online]  
Available at: https://www.onsemi.com/pdf/datasheet/2n3055-d.pdf 
[Accessed 03 02 2022]. 
 
rtcafe, 2011. Standard Capacitor Values & Color Codes. [Online]  
Available at: https://www.rfcafe.com/references/electrical/capacitor-values.htm 
[Accessed 03 01 2022]. 
 
Storey, N., 2017. Electronics: A Systems Approach. In: s.l.:Pearson, pp. 755-759. 
Subramanyam, P. S., 2014. What's the meaning of the limitation of the temperature of the capacitors?. 
[Online]  
Available at: https://www.researchgate.net/post/Whats-the-meaning-of-the-limitation-of-the-temperature-of-
the-capacitors 
[Accessed 14 11 2021]. 
 
Vishay, 2015. Vishay GBU6G-E3/45, Bridge Rectifier, 6A 400V, 4-Pin GBU. [Online]  
Available at: https://uk.rs-online.com/web/p/bridge-rectifiers/8122338 
[Accessed 2022 03 02]. 
 
Yong, J., 2012. How to Select a Suitable Heat Sink. [Online]  
Available at: https://jestineyong.com/how-to-select-a-suitable-heat-sink/ 
[Accessed 18 01 2022]. 
 

 
 
 
 



Page 45 of 57 
 

8. Appendix  for diagrams, data sheets, results tables  
 

8.1 Standard Resistor Values 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 24 - Table of Standard Resistor Values (ch00ftech, 2012) 
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8.2 Standard Capacitor Values 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Figure 25 - Table of Standard Capacitor Values (rtcafe, 2011) 
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8.3 Component Datasheets 
 

8.3.1 MC1723C Voltage Regulator Datasheet 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

  

 
 
 
 
 
 
 

Figure 26 - Motorola MC1723C Datasheet (Motorola, 2001) 

Figure 27 - Motorola MC1723C Datasheet: Maximum Ratings (Motorola, 2001) 
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Figure 28 - Motorola MC1723C Datasheet: Electrical Characteristics (Motorola, 2001) 
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8.3.2 2N3055 NPN Transistor Datasheet 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 29 - 2N3055 Datasheet: Maximum Ratings  (onsemi, 2000) 
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Figure 30 - 2N3055 Datasheet: Characteristics   (onsemi, 2000) 

Figure 31 - T0-204 (T0-203) 𝜃௖௦ values 
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8.3.3 KEMET 4700μF Electrolytic Capacitor 63V dc 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 32 - KEMET 4700μF Electrolytic Capacitor 63V dc Datasheet (KEMET, 2020) 
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8.3.4 GBU6G Single Phase Bridge Rectifier Datasheet 
 

 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 33 - Vishay GBU6G Datasheet (Vishay, 2015) 

Figure 34 - Vishay GBU6G Datasheet: Electrical and Thermal Characteristics (Vishay, 2015) 
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8.3.5 RS PRO 100VA Panel Mount Transformer Datasheet 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 35 - RS PRO 100VA Panel Mount Transformer Datasheet  (Components, 2021) 

Figure 36 - RS PRO 100VA Panel Mount Transformer Features and Benefits (Components, 2021) 
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8.3.6  576403B00000G Heatsink Datasheet 
 
 

 
 
 
 
 
 
 
 
 

Figure 37 - 576403B00000G Heatsink Datasheet (Mouser, 2021) 
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8.4 Load Regulation Calculation 
 
Figure 38 shows that the no-load voltage of the power supply is 12.087Vdc. 

 
 
Figure 39 shows that the full-load voltage of the power supply is 12.00Vdc. 
 

Figure 38 - Load Regulation Test, No-load Voltage 

Figure 39 - Load Regulation Test, Full-load Voltage 
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8.5 Full Power Supply Circuit with 4 Channel Oscilloscope 
 

 

Figure 40 - Full Power Supply Circuit with 4 Channel Oscilloscope 
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