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Voltage regulated LED driver ICs are commonly used to drive LEDs in variable 
voltage conditions. The purpose of this thesis work was to design an LED driving 
circuit without using LED driver ICs for Teknoware company. A PWM controlled 
average current method was used to cope with the variability of the voltage source. 
The LEDs are operated in switch mode by a microcontroller generated PWM signals 
through an isolation barrier. The brightness levels are controlled by varying the duty 
cycles of the PWM signals. The microcontroller measures the power supply voltage 
through the isolation barrier and determines appropriate PWM duty cycles to attain 
specific brightness levels. The average current regulation was designed for 21V to 
30V. The 3000K and 5000K color temperature LEDs were used in the circuit. The 
5000K LEDs have emergency current paths in the event of missing PWM signal. 
 
Different techniques for the isolated DC voltage measurement were explored, such 
as linear optocoupler, isolation amplifier based techniques. A PWM based voltage 
measurement circuit was developed to provide a lower cost solution. The company 
continued with a TL431 based voltage measurement circuit at the end. The voltage 
measurement circuits were measured twice; the second measurements were taken 
by changing ICs with the same models to observe how IC to IC variation affects the 
measurement accuracy. The linear optocoupler based circuit had the largest voltage 
measurement error, while the isolation amplifier based circuit provided the best 
measurement accuracy. TL431 based circuit produced a maximum 676mV difference 
with the power supply voltage between 20V and 30V, whereas the PWM based 
voltage measurement circuit produced a maximum of 375mV difference.  
 
The measured PWM duty cycles for different brightness levels and emergency mode 
current were close to the theoretical values.  
 
The software department of the company utilizes the result of this thesis work to 
program the microcontroller for driving the LEDs. 

Keywords: Isolated voltage measurement, optocoupler, PWM 
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1 Introduction 

This thesis discusses the design and implementation of an LED card for 

Teknoware company. Teknoware provides lighting solutions to public transport 

such as buses, trains, trams. Here, an LED card refers to the single unit of a 

lighting solution. The number of LEDs on an LED card depends on the target 

lumen level. A lighting solution is equipped with many LED cards, and all LED 

cards are powered by the same direct current (DC) voltage source. The DC 

voltage source is variable, but the LED cards are required to provide the same 

lumen output. The use of voltage regulated LED drivers is one of the methods 

for driving the LEDs in variable DC voltage conditions [1]. The objective of this 

thesis work was to design one part of a system that allows driving the LEDs with 

fixed average currents with a variable DC voltage source without using voltage 

regulated LED driver ICs. The Pulse Width Modulation (PWM) approach was 

utilized in this thesis work. Figure 1 illustrates the block diagram of the LED 

card.  

 

Figure 1. The block diagram of the LED card 
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The company has a subcircuit that is used to control the brightness of the LED 

card. The subcircuit is separated from the rest of the LED card circuit with 

galvanic isolation. The subcircuit includes a microcontroller like in figure 1 that 

has Analog to Digital Converter (ADC) inputs and PWM outputs. The LED card 

includes 3000K and 5000K color temperature LED channels. Each LED channel 

is divided into LED branches in parallel, and each branch consists of multiple 

LEDs in series. The LED branches are connected via Metal Oxide 

Semiconductor Field Effect Transistor (MOSFET) switches from the power 

supply to the ground. The N-channel MOSFETs are used. The gate voltages of 

the MOSFET switches are controlled by the corresponding LED channel’s 

optocoupler. In this switch mode, currents through the LED branches are 

proportional to the supplied voltage: the higher the supply voltage, the higher 

the current. If the gate voltage of a MOSFET is connected to a PWM source, 

then the LED current is on and off according to the PWM signal. It means that 

the average LED current can be controlled with an appropriate PWM duty cycle 

even at a high peak LED current. For example, with randomly selected values, 

assume LED current is 10mA at 10V supply voltage at 100% PWM duty cycle, 

and at 15V supply voltage, LED current is 15mA at 100% PWM duty cycle. If 

the target LED current is 10mA, then the average current can be regulated to 

10mA with a lower PWM duty cycle. It essentially states that when the supplied 

voltage is higher, the LED branch current can be controlled to the target 

average current with the appropriate PWM duty cycle. It requires 100% PWM 

duty cycle at 10V, it may require 50% PWM duty cycle at 15V, it may require 

30% PWM duty cycle at 17V, and so on to maintain the average LED branch 

current to 10mA. The voltage level information of the DC voltage source is vital 

in this switch mode operation. So, the goal was that a circuit measures the input 

voltage of the LED card, and the measured voltage information is passed 

through the isolation barrier to the microcontroller. The microcontroller then 

decides the appropriate PWM duty cycle for the target brightness level, the 

PWM signals are passed through optocouplers to drive the LED channels, and 

the target average LED branch current is maintained in a limited power supply 

voltage range. 
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The 3000K and 5000K color temperature white LEDs were used for the LED 

card. The dimensions of the LED card are 500mm x 31mm consisting of 36 

LEDs per color temperature. The LED cards are powered by a nominally 24V 

DC voltage source; however, the voltage varies between 16.8V and 30V. 

The average current through the LED branches is 65mA at maximum 

brightness. The LED card is dimmable. LED channels are driven by 3kHz PWM 

signals. The LED card has an emergency path for the 5000K LED channel 

when the PWM signal for the 5000K LED channel is missing from the 

microcontroller. The 5000K LED branches continue operating at 20% current 

during this event. 

The software department of the company is in charge of developing the 

program for the microcontroller based on this thesis work outcome. 

2 Theoretical Background 

This chapter includes a discussion of the theoretical backgrounds that aid in 

understanding the circuits presented in chapter 3. 

2.1 Isolation 

In electronics, galvanic isolation is accomplished by keeping proper clearance 

among the circuits and keeping the grounds of these circuits separated from 

each other. These different circuits may depend on each other for carrying out 

specific tasks. The isolation blocks current entering from one circuit to another 

circuit, prevents hazardous voltages appearing from one circuit to another 

circuit, improves noise immunity, helps prevent electrical shocks. [2.] 

The benefit of isolation can be mentioned in the case of the LED card used in 

this thesis work. A controller interacts with the subcircuit to control the LED 

card, and the subcircuit is isolated from the main circuit. The microcontroller has 

vital roles in the subcircuit, and microcontrollers are generally powered by ≤5V 



4 

 

DC voltage source. When the LED cards are exposed to transient voltages, the 

microcontrollers may get damaged, signals may get corrupted, eventually 

causing problems for the controller. Isolation safeguards the controller from 

such events.  

There are isolator ICs commonly based on capacitive, magnetic, and optical 

coupling used for signal passing. Optical based isolators are called 

optocouplers. There are different types of optocouplers, such as optocouplers 

with phototransistor output, photodarlington output, linear optocouplers, high 

speed optocouplers, etc. Optocoupler with phototransistor output is discussed 

as this type was used in the LED card. 

The optocoupler with phototransistor output can be called the standard 

optocoupler which is equipped with an LED on the input side and a 

phototransistor on the output side. The wavelength of the LED light ranges from 

red to infrared [3]. Figure 2 shows the diagram of a standard optocoupler. 

 

Figure 2. The diagram of an optocoupler with phototransistor output (Reprinted 
from [4]) 

The input side produces infrared light, and this light strikes the base of the 

phototransistor that generates current flow from the collector to the emitter of 

the phototransistor. The relationship between the currents through the LED and 

the collector-emitter is known as the Current Transfer Ratio (CTR). The 

relationship is expressed as [5,1]:  
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 𝐶𝑇𝑅 =
𝐼𝑐

𝐼𝑓
× 100% (1) 

 

The CTR is expressed as percentage. However, the CTR is not a constant 

parameter. Ambient temperature, LED current, collector-emitter voltage affect 

the CTR value. For example, the CTR value of TCMT1103 ranges from 100–

200% [6,1]. The CTR also degrades over time due to heat stress on LED 

crystalline structure [7,2]. Two test results of CTR degradation published by 

Würth Elektronik [8] are shown in figure 3. 

 

The left side graph in figure 3 shows that the test was performed at three 

current levels through the LED, and the right side graph shows that the test was 

performed at different ambient temperatures at the same current. The graphs 

indicate that CTR degradation can be minimized by driving the LED with lower 

currents and using the optocoupler at lower ambient temperatures. 

The CTR variation emphasizes that some considerations need to be taken so 

that the collector current does not fall below the minimum current required for 

an application. Manufacturers may include normalized CTR graphs to 

approximate the collector current. Figure 4 shows a normalized CTR graph of 

TCMT110 series optocouplers.  

𝐻𝑒𝑟𝑒, 𝐼𝑐  =  𝐶𝑜𝑙𝑙𝑒𝑐𝑡𝑜𝑟 𝑐𝑢𝑟𝑟𝑒𝑛𝑡 
         𝐼𝑓  =  𝐿𝐸𝐷 𝑐𝑢𝑟𝑟𝑒𝑛𝑡 

Figure 3. CTR degradation test result conducted by Würth Elektronik (Reprinted 
from [8]) 
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Figure 4. Normalized CTR values of TCMT110 series optocouplers at saturation 
(Modified from [6,6]) 

The CTR values are normalized to normal operating conditions, for example, at 

5mA LED current, 25°C ambient temperature, 0.4V and 5V collector-emitter 

saturated and non-saturated voltage respectively. It can be observed from 

figure 4 that normalized CTRs keep increasing with an increase in LED forward 

current up to a certain point and then start decreasing. Normalized CTRs 

decrease with higher temperatures. The minimum CTR can be approximated by 

[5,3]: 

𝐶𝑇𝑅𝑚𝑖𝑛 = 𝐶𝑇𝑅𝐷𝑀𝐼𝑁 ×  𝑁𝐶𝑇𝑅 ×  𝐴𝑔𝑖𝑛𝑔 ×  𝑁𝑒𝑔𝑎𝑡𝑖𝑣𝑒 𝑡𝑜𝑙𝑒𝑟𝑎𝑛𝑐𝑒 (2) 

One example of the CTR calculation can be mentioned for the TCMT1103 

optocoupler. Assume LED current IF = 3.2mA, 20% aging and 25% tolerance 

factors, and the optocoupler is operated at minimum 25°C. From the graph in 

figure 4, NCTR is approximately 0.62 at 75°C and 0.825 at 25°C. 

Here, 𝐶𝑇𝑅𝐷𝑀𝐼𝑁  =  𝑀𝑖𝑛𝑖𝑚𝑢𝑚 𝐶𝑇𝑅 𝑖𝑛 𝑑𝑎𝑡𝑎𝑠ℎ𝑒𝑒𝑡 

𝑁𝐶𝑇𝑅 =  𝑁𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑 𝐶𝑇𝑅 
𝐴𝑔𝑖𝑛𝑔 =  𝐴𝑔𝑖𝑛𝑔 𝑓𝑎𝑐𝑡𝑜𝑟 
𝑇𝑜𝑙𝑒𝑟𝑎𝑛𝑐𝑒 =  𝑃𝑜𝑠𝑖𝑡𝑖𝑣𝑒 𝑜𝑟 𝑛𝑒𝑔𝑎𝑡𝑖𝑣𝑒 𝑡𝑜𝑙𝑒𝑟𝑎𝑛𝑐𝑒 
 

 



7 

 

Minimum CTR, 𝐶𝑇𝑅𝑚𝑖𝑛 = 100 ×  0.62 ×  0.8 ×  0.75 = 37.2% at 75°C 

The minimum CTR at 25°C excluding the aging and tolerance factors is 

𝐶𝑇𝑅𝑚𝑖𝑛 = 100 ×  0.825 = 82.5% 

It is essential to look at the switching time versus load resistance graph when 

the standard optocoupler is used in a switching application. Figure 5 shows an 

example of it from the TCMT110 series optocoupler datasheet. 

 

Figure 5.  Switching time versus load resistance of TCMT110 series 
optocouplers (Reprinted from [6,6]) 

Figure 5 shows that switching time is dominated by phototransistor turn-off time 

mainly. Turn-off time increases with load resistance. 

 

 



8 

 

2.2 PWM Generation 

One way to generate a PWM signal is by utilizing a sawtooth or triangular wave 

with a comparator. Basic sawtooth and triangular waveforms are shown in 

figure 6. The voltage rises linearly and then falls sharply or vice versa in a 

sawtooth waveform. On the other hand, voltage rise and fall times are generally 

equal in a triangular wave. 

 

Figure 6. Sawtooth and triangular waveforms 

A comparator compares an input voltage to a reference voltage and then 

outputs a voltage close to the positive supply or ground level in a single supply 

configuration; alternatively, the output can be stated to be high or low. The 

comparator output is high when the voltage at the non-inverting (+) terminal 

exceeds the inverting (-) terminal voltage. Contrarily, the comparator output is 

low when the inverting terminal voltage exceeds the non-inverting terminal 

voltage. Comparators mainly come with two output types: push-pull and open 

collector or open drain [9,6]. 

Assume the period of a triangular wave is 1000µS, and it rises from 0V to 5V. 

The triangular wave source and a 1.5V reference voltage are connected to the 

non-inverting and inverting terminals of a comparator respectively. The 

comparator is powered by a 5V source where the negative voltage is 0V or 

ground. The comparator output is low as long as the triangular wave voltage is 

lower than 1.5V, as the inverting terminal is still higher than the non-inverting 

terminal. Then the comparator output becomes high when the triangular voltage 

exceeds the 1.5V reference. The output stays high until the triangular voltage 
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falls below 1.5V. The same event occurs when the triangular wave again 

exceeds the 1.5V reference, and the comparator eventually generates a square 

wave as long as the triangular wave continues and the 1.5V reference exists. 

The triangular wave frequency is fixed. By changing the reference voltage, the 

comparator can generate a PWM signal as the duty cycle changes with the 

change in the reference voltage. The generated PWM signal has an equal 

frequency as the triangular wave. The output waveform of the comparator is 

illustrated in figure 7.  

 

Figure 7. The comparator output 

The duty cycle can be calculated as follows. The triangular wave rises from 0V 

to 5V linearly up to 500µS. The slope is, 𝑚1 =
0−5

0−500µ𝑆
= 10000. Similarly, for 5V 

to 0V linear voltage fall of the triangular wave, the slope is, 𝑚2 = −10000. It 

yields two equations.  

𝑦1 = 𝑚1𝑥1; and 𝑦2 = 𝑚2𝑥2 + 5 

Here, x and y refer to the time and voltage respectively, of the triangular wave. 

The on time of the PWM can be calculated from: 

𝐷𝑜𝑛 = 500µ𝑆 − 𝑥1 + 𝑥2 = 500µ𝑆 −
𝑦1

𝑚1
+

𝑦2 − 5

𝑚2
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A 𝑦1 = 𝑦2 = 1.5𝑉 reference voltage makes 𝐷𝑜𝑛 = 0.0007 yielding 
0.0007

1000𝜇𝑆
× 100 =

70%. Similarly, a 3V reference voltage yields a 40% duty cycle. The duty cycle 

is inversely proportional to the reference voltage in this example. The duty cycle 

would be proportional to the reference voltage if the reference voltage is 

connected to the non-inverting terminal and the triangular wave is connected to 

the inverting terminal of the comparator.  

The duty cycle with a sawtooth wave can be approximated by ignoring linear 

voltage fall if the fall is very sharp. For the sawtooth wave replacing the 

triangular wave, 𝑚 =
0−5

0−1000µ𝑆
= 5000; 𝐷𝑜𝑛 = 1000µ𝑆 −

𝑦

𝑚
 

The duty cycle equations are presented in this section by assuming the ideal 

scenario, such as an instant high to low or low to high output transition of the 

comparator. However, there is a certain time associated with output transition, 

therefore, the equations can determine the duty cycle approximately.  

2.3 PWM to DC Voltage 

The DC component of a PWM signal is the average of the PWM signal. Figure 8 

shows a timing diagram of a PWM signal.  

 

Figure 8. Timing diagram of a PWM signal 

DC component of a PWM signal can be calculated as: 

𝐷𝐶𝑃𝑊𝑀 =
𝑡𝑜𝑛

𝑇
𝑉𝑂𝐻 +

𝑡𝑜𝑓𝑓

𝑇
𝑉𝑂𝐿 
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𝐷𝐶𝑃𝑊𝑀 = 𝐷𝑉𝑂𝐻 + (1 − 𝐷)𝑉𝑂𝐿 =  𝐷𝑉𝑂𝐻 + 𝑉𝑂𝐿 − 𝐷𝑉𝑂𝐿 

 𝐷𝐶𝑃𝑊𝑀 = (𝑉𝑂𝐻 − 𝑉𝑂𝐿)𝐷 + 𝑉𝑂𝐿 (3) 

DC component of a PWM signal can be retrieved by using a low pass filter with 

a cutoff frequency close to 0Hz. There are two options: passive low pass filter 

and active low pass filter. A first order passive RC low pass filter can be formed 

by figure 9 below. 

 

Figure 9. The first order RC low pass filter (Reprinted from [10,2]) 

The cutoff frequency (fc) of this RC low pass filter is [10,2]: 

𝑓𝑐 =
1

2𝜋𝑅𝐶
 

However, passive filters have impedance loading issues that can be avoided by 

active filters [11,7]. Active filters are realized using op-amps, resistors, and 

capacitors [10,1]. 

Low pass filters are often designed based on different filter characteristics, such 

as Butterworth, Chebyshev, and Bessel. Butterworth filters have maximally flat 

response in the passband with slight overshoot in step response. Chebyshev 

filters have ripple in the passband with overshoot in step response. Bessel 

filters have flat response in the passband and lesser overshoot than the 

Here, 𝐷𝐶𝑃𝑊𝑀  =  𝐷𝐶 𝑐𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡 𝑜𝑓 𝑡ℎ𝑒 𝑃𝑊𝑀 𝑠𝑖𝑔𝑛𝑎𝑙 
𝐷 =  𝐷𝑢𝑡𝑦 𝑐𝑦𝑐𝑙𝑒 𝑟𝑎𝑛𝑔𝑖𝑛𝑔 𝑓𝑟𝑜𝑚 0 𝑡𝑜 1 

𝑇 = 𝑃𝑒𝑟𝑖𝑜𝑑 𝑜𝑓 𝑡ℎ𝑒 𝑃𝑊𝑀 
𝑉𝑂𝐻 = 𝐻𝑖𝑔ℎ 𝑣𝑜𝑙𝑡𝑎𝑔𝑒 𝑙𝑒𝑣𝑒𝑙 𝑜𝑓 𝑡ℎ𝑒 𝑃𝑊𝑀 
𝑉𝑂𝐿 = 𝐿𝑜𝑤 𝑣𝑜𝑙𝑡𝑎𝑔𝑒 𝑙𝑒𝑣𝑒𝑙 𝑜𝑓 𝑡ℎ𝑒 𝑃𝑊𝑀 
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Butterworth filters in the step response. Bessel filters have slower attenuation 

rate than the Butterworth and Chebyshev filters in the transition region, while 

Chebyshev filters have the steepest slope among the three. Bessel filters have 

a better linear phase response than the other two in the passband. Low pass 

filter parameters are illustrated in figure 10 based on [13,3]. [12,3.] 

 

Figure 10. Low pass filter parameters 

Comparative magnitude responses of these filters are shown in figure 11. The 

responses are from eight pole Butterworth, 0.5 dB ripple Chebyshev, and 

Bessel filters. The step response comparison is shown in figure 12. The filters 

have 1Hz cutoff frequency. [13,25.] 
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Figure 11. The magnitude response comparison for eight pole Butterworth, 0.5 
dB ripple Chebyshev, and Bessel filters (Reprinted from [13,25]) 

 

Figure 12. Step response comparison of the same filters shown in figure 11 
(Reprinted from [13,25]) 

The step response shows that the Chebyshev filter takes the longest time to 

settle while the Bessel filter takes the shortest. Both Butterworth and 

Chebyshev filters have overshoot and ringing. 

The transfer functions of first and second order filters are in equations (4) and 

(5) [10,11]. A0 is passband gain at DC. 
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 𝐴(𝑠) =
𝐴0

1+𝑎𝑖𝑠
 (4) 

 𝐴𝑖(𝑠) =
𝐴0

1+𝑎𝑖𝑠+𝑏𝑖𝑠2
 (5) 

A higher order number of filters can be realized by cascading the first and 

second order filters. For example, one first order filter and two second order 

filters can be cascaded to form a fifth order filter. ai and bi in equations (4) and 

(5) are the filter coefficients that form a particular filter characteristic. The filter 

coefficients can be found in filter coefficients tables [10,56-62]. A first order unity 

gain non-inverting active low pass filter can be realized by the circuit in figure 

13.  

 

Figure 13. Unity gain first order non-inverting active low pass filter (Reprinted 
from [10,14]) 

The transfer function of this first order filter is [10,13]): 

 𝐴(𝑠) =
1

1+2𝜋𝑓𝑐𝑅1𝐶1𝑠
 (6) 

By comparing the transfer function at equation (6) to the general first order low 

pass filter transfer function at equation (4), the following relationships can be 

derived [10,13]):  

𝐴0 = 1; 𝑎𝑖 = 2𝜋𝑓𝑐𝑅1𝐶1; 𝑅1 =
𝑎𝑖

2𝜋𝑓𝑐𝐶1
 

A second order active low pass filter can be realized by Sallen-Key and Multiple 

Feedback topologies. The multiple feedback topology offers better high 
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frequency behavior, and Sallen-Key offers better gain response in the 

passband. The design equations for Sallen-Key topology are presented below. 

[12,3.]  

A second order unity gain Sallen-Key low pass filter circuit is shown in figure 14. 

 

Figure 14. The second order unity gain Sallen-Key low pass filter (Reprinted 
from [10,15]) 

The transfer function of this Sallen-Key low pass filter is [10,15]: 

𝐴(𝑠) =
1

1 + 2𝜋𝑓𝑐𝐶1(𝑅1 + 𝑅2)𝑠 + (2𝜋𝑓𝑐)2𝑅1𝑅2𝐶1𝐶2𝑠2
 

By comparing the Sallen-Key unity gain transfer function to equation (5), the 

following relationships can be formed [10,15-16]: 

𝐴0 = 1; 𝑎𝑖 = 2𝜋𝑓𝑐𝐶1(𝑅1 + 𝑅2);  𝑏𝑖 = (2𝜋𝑓𝑐)2𝑅1𝑅2𝐶1𝐶2 

𝑅1 =
𝑎𝑖𝐶2 − √𝑎𝑖

2𝐶2
2 − 4𝑏𝑖𝐶1𝐶2

4𝜋𝑓𝑐𝐶1𝐶2
;  𝑅2 =

𝑎𝑖𝐶2 + √𝑎𝑖
2𝐶2

2 − 4𝑏𝑖𝐶1𝐶2

4𝜋𝑓𝑐𝐶1𝐶2
 

The capacitors must fulfill the following condition: 

𝐶2 ≥ 𝐶1

4𝑏𝑖

𝑎𝑖
2
 

The pole frequency of the Sallen-Key low pass filter can be found by [14,4]: 
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 𝑓𝑐 =
1

2𝜋√𝑅1𝑅2𝐶1𝐶2
 (7) 

In Sallen-Key low pass filter topology, the magnitude response may show an 

upward trend at a frequency above the cutoff frequency. The addition of an RC 

low pass filter at the output of the Sallen-Key low pass filter helps solve this 

issue. A comparative example is shown in figure 15, where it shows the 

magnitude responses of a 1kHz Sallen-Key low pass filter with and without an 

RC low pass filter. This RC filter places a pole at about 40kHz, which improves 

the high frequency response. [12,16.] 

 

Figure 15. A comparison of magnitude responses of a Sallen-Key low pass filter 
with and without an RC filter (Reprinted from [12,16]) 

There are also online filter calculators that can be utilized in filter designing. For 

example, Analog Devices [15], Texas Instruments [16], OKAWA Electric Design 

[17] provide such calculators.  
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2.4 Op-amp Circuits 

An op-amp has high input and low output impedances. These characteristics 

can be utilized to make an operational amplifier (op-amp) buffer circuit. There 

are common situations that a source cannot supply enough current to a low 

impedance load, eventually the source is loaded. Op-amp buffer circuits can be 

essential in such cases. Examples could include the analog measurement with 

the ADC of a microcontroller, voltage reference from a voltage divider, etc. A 

unity gain op-amp buffer circuit is shown in figure 16. The output voltage Vo is 

ideally equal to the input voltage Vi. [18.] 

 

Figure 16. Op-amp buffer circuit [18] 

An op-amp is also used to compare a signal to a reference voltage to output an 

error voltage. An inverting op-amp with a positive reference voltage in a single 

supply configuration is shown in figure 17. 

 

Figure 17. Op-amp difference amplifier 

In figure 17, the voltage reference Vr can be taken from a voltage divider formed 

by R1 and R2 resistors. 𝑉𝑟 =
𝑅2

𝑅1+𝑅2
𝑉𝐶 
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The input signal is connected to the open end of the Ri resistor. As input 

terminals of the Op-amp are almost equal due to the negative feedback, 𝑉𝑟 = 𝑉𝑥 

Assume the current flows from the left to the right side. Then 
𝑉𝑖−𝑉𝑥

𝑅𝑖
=

𝑉𝑥−𝑉𝑜

𝑅𝑓
 

𝑉𝑜

𝑅𝑓
=

𝑉𝑥

𝑅𝑓
−

𝑉𝑖 − 𝑉𝑥

𝑅𝑖
; ⟹ 𝑉𝑜 = 𝑉𝑥 −

(𝑉𝑖 − 𝑉𝑥)𝑅𝑓

𝑅𝑖
 

 𝑉𝑜 = 𝑉𝑟 −
(𝑉𝑖−𝑉𝑟)𝑅𝑓

𝑅𝑖
 (8) 

The addition of a capacitor across the feedback resistor Rf helps the circuit in 

figure 17 with stability, and the cutoff frequency is [19,4]: 

 𝑓𝑐 =
1

2𝜋𝑅𝑓𝐶
 (9) 

2.5 TL431 

TL431 is a versatile IC that is used in many applications. TL431 contains an 

internal 2.5V reference voltage and an op-amp. Figure 18 shows the equivalent 

circuit of TL431.   

 

Figure 18. The equivalent circuit of TL431 (Reprinted from [20,20]) 
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TL431 can work as an adjustable voltage reference from 2.5V to 36V at the 

cathode terminal [20,20]. An adjustable voltage reference circuit is shown in 

figure 19. 

 

Figure 19. TL431 adjustable voltage reference circuit (Reprinted from [20,25]) 

The output voltage Vo can be calculated by the following equation [20,25]: 

 𝑉𝑜 = (1 +
𝑅1

𝑅2
) 𝑉𝑅𝐸𝐹 − 𝐼𝑅𝐸𝐹𝑅1 (10) 

Here, VREF = 2.5V; IREF = Current through reference terminal (2–4µA) [20,6]. 

2.6 LED Circuits 

LEDs can be driven in constant current (CC) and switch modes. Some basic 

constant current circuits and the switch mode circuit are discussed in this 

section. 

2.6.1 Single Transistor Based CC 

An NPN bipolar junction transistor operates in three regions: active, saturation, 

and cutoff. Ideally, there is no current flow from the collector to the emitter when 

the NPN transistor is in the cutoff region. The cutoff region is achieved by 

reverse biasing the base-emitter junction. The collector current IC is 

approximately constant in the varying collector-emitter voltage VCE at lower 
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base-emitter VBE voltages as in figure 20. The active region can be achieved by 

forward biasing the base-emitter junction and reverse biasing the base-collector 

junction. The NPN transistor enters the saturation region when both base-

collector and base-emitter junctions are forward biased. [21,307.] 

 

Figure 20. The collector current of an NPN transistor at different VBE voltage 
levels (Modified from [21,327]) 

The voltage at the collector should be higher than the base terminal to stay in 

the active region. However, the PN junction starts to conduct beyond 

approximately 0.4V; therefore, the collector voltage may go below 0.4V than the 

base voltage to maintain the active region, and going further below the NPN 

transistors starts to enter the saturation region [21,316]. 

The LEDs can be driven in CC mode by operating an NPN transistor in the 

active region. The circuit is shown in figure 21 based on the AN90026 

application note from Nexperia [22].  
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Figure 21. Single transistor based constant current circuit 

In the active region, the following equations stand [21,309]:  

𝐼𝐶 = 𝛽𝐼𝐵; 𝐼𝐵 =
𝐼𝐶

𝛽
;  𝐼𝐸 = 𝐼𝐶 + 𝐼𝐵;  𝐼𝐸 =

𝑉𝐸

𝑅𝐸
 

The base is at two diode voltage drop of approximately 1.4V, and the base-

emitter voltage drop is approximately 0.7V. It makes the emitter voltage, 𝑉𝐸 =

𝑉𝐵 − 𝑉𝐵𝐸 = 1.4 − 0.7 = 0.7𝑉. The change of a few volts in VCC causes a change 

at VB in millivolt range. Therefore, the emitter voltage VE changes little so does 

the emitter current. The resistor value R1 should be calculated using the 

minimum current gain β in the datasheet of the transistor. The current gain β 

may range from 50 to 200 or even achieve higher values [21,309], which makes 

Here, 𝐼𝐶 = 𝐶𝑜𝑙𝑙𝑒𝑐𝑡𝑜𝑟 𝑐𝑢𝑟𝑟𝑒𝑛𝑡  

𝐼𝐵 = 𝐵𝑎𝑠𝑒 𝑐𝑢𝑟𝑟𝑒𝑛𝑡  

𝐼𝐸 = 𝐸𝑚𝑖𝑡𝑡𝑒𝑟 𝑐𝑢𝑟𝑟𝑒𝑛𝑡 

𝛽 = 𝐶𝑢𝑟𝑟𝑒𝑛𝑡 𝑔𝑎𝑖𝑛 
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the consideration of 𝐼𝐶 ≈ 𝐼𝐸 in many applications. The total voltage drop over all 

LEDs should be such that the collector voltage VC is above the base voltage VB. 

With such conditions, this circuit can regulate approximately constant current 

through the LEDs within a certain VCC limit. 

2.6.2 Two Transistors Based CC 

Two NPN transistors are used in this circuit in a feedback loop. The circuit is 

shown in figure 22 based on [23]. 

 

Figure 22. Two NPN transistors based constant current circuit 

The base of the Q2 NPN transistor is connected to the emitter terminal of the 

Q1 NPN transistor. Assume the base-emitter voltage drop for both Q1 and Q2 

transistors is 0.7V, and the Q2 transistor is off at first. The current starts flowing 

through the Q1 transistor, and this develops a voltage drop over RE. When this 

voltage starts to exceed 0.7V, the Q2 transistor starts to conduct which reduces 

Q1 transistor base voltage VB1 and current IB1. This results in reduced collector 

current IC1, so the voltage across RE starts to reduce to 0.7V. When VE1 goes 
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lower than 0.7V, the Q2 transistor starts to turn off. This loop continues to 

regulate 0.7V at the emitter of Q1 or base of Q2, and it regulates a constant 

current through the LEDs. The emitter IE1 current can be calculated as: 

  𝐼𝐸1 =
𝑉𝐵𝐸2

𝑅𝐸
;    VBE2 = Base-emitter drop of Q2 transistor. 

2.6.3 Op-amp and Transistor Based CC 

An op-amp and an NPN transistor form the circuit shown in figure 23 based on 

[23]. 

 

Figure 23. Op-amp and NPN transistor based constant current circuit 

The base of the transistor is connected to the op-amp output through an RB 

resistor. The non-inverting terminal of the op-amp is connected to the voltage 

reference Vref, and the feedback is taken from the emitter of the transistor. 

Voltages at the inverting and non-inverting terminals are almost equal when the 

op-amp is operated in negative feedback. Therefore, 𝑉𝐸 ≈ 𝑉𝑟𝑒𝑓. The op-amp 

strives to maintain this relationship by supplying adequate current to the base of 

the transistor; therefore, the LED current is approximately,  𝐼𝐶 =
𝑉𝑟𝑒𝑓

𝑅𝐸
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2.6.4 Switch Mode 

An N-channel MOSFET has three operating regions: triode, cutoff, and 

saturation region. The MOSFET turns on and creates a conducting channel 

between the drain and source when the gate to source voltage VGS equals the 

threshold voltage VTH [21,251]. The charge in the channel increases with higher 

VGS, allowing more current to flow from the drain to the source. The switching 

application is implemented by operating the MOSFET in the triode region. 

Triode region can be achieved by making VDS < VGS − VTH, here VDS is drain to 

source voltage [21,266]. The MOSFET starts entering the cutoff region with VGS 

< VTH.  

LEDs can be driven in switch mode with an MOSFET switch to control the 

average current through the LEDs. The circuit is shown in figure 24.  

 

Figure 24. LED control with N-channel MOSFET switch 

The LEDs are connected from the supply voltage VCC to the drain of the 

MOSFET through an RL current limiting resistor. The gate of the MOSFET is 
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controlled by a PWM source, and there is an RG resistor in between. The 

current through the LEDs can be approximated by: 

 𝐼𝑚𝑎𝑥 =
𝑉𝐶𝐶−𝑛𝑉𝑓

𝑅𝐿+𝑅𝐷𝑆(𝑜𝑛)
 (11) 

 𝑅𝐿 =
𝑉𝐶𝐶−𝑛𝑉𝑓

𝐼𝑚𝑎𝑥
− 𝑅𝐷𝑆(𝑜𝑛) (12) 

However, LEDs follow a diode behaviour, meaning the voltage across an LED 

and the current through the LED do not hold a linear relationship. An example of 

an I-V curve of a white LED is shown in figure 25.  

 

Figure 25. An example of a white LED I-V curve (Reprinted from [24]) 

Here, 𝑉𝐶𝐶 =  𝑉𝑜𝑙𝑡𝑎𝑔𝑒 𝑠𝑢𝑝𝑝𝑙𝑦 

𝑛 =  𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝐿𝐸𝐷𝑠 

𝑉𝑓 = 𝐿𝐸𝐷 𝑓𝑜𝑟𝑤𝑎𝑟𝑑 𝑣𝑜𝑙𝑡𝑎𝑔𝑒 

𝑅𝐿  =  𝑆𝑒𝑟𝑖𝑒𝑠 𝑟𝑒𝑠𝑖𝑠𝑡𝑜𝑟 
𝑅𝐷𝑆(𝑜𝑛) =  𝑀𝑂𝑆𝐹𝐸𝑇’𝑠 𝑑𝑟𝑎𝑖𝑛 𝑡𝑜 𝑠𝑜𝑢𝑟𝑐𝑒 𝑟𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒 
𝐼𝑚𝑎𝑥 = 𝐿𝐸𝐷 𝑐𝑢𝑟𝑟𝑒𝑛𝑡 𝑤ℎ𝑒𝑛 𝑡ℎ𝑒 𝑀𝑂𝑆𝐹𝐸𝑇 𝑖𝑠 𝑜𝑛 
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As it can be seen from figure 25, the I-V curve is exponential. The LED forward 

voltage Vf should be determined from the I-V curve in the LED datasheet at the 

corresponding LED forward current or by measurement when using equations 

(11) and (12). 

The gate of the MOSFET forms a capacitor that needs to be charged to reach 

VGS. RG is used to limit the inrush current, and the R1 resistor is used to 

discharge the gate voltage when the MOSFET should be off. The MOSFET 

might not turn off if there is no discharge path for gate capacitor charges.  

By connecting a PWM signal between RG and R1, the MOSFET can be 

switched on and off causing the LED current on and off, and this makes an 

average current through the LED. The average current Iavg can be calculated by 

the PWM duty cycle D and the LED current Imax at on time: 

 𝐼𝑎𝑣𝑔 = 𝐷𝐼𝑚𝑎𝑥 (13) 

3 Circuits Description 

The circuit diagram has been shown in figure 1. The LED card is protected 

against high voltage with a nominally D2 35.1V transient voltage suppressor 

diode that has a maximum clamping voltage of 48.4V and reverse polarity 

voltage with D1 0.71V diode. The description of the circuit is divided into two 

parts: isolated DC voltage measurement and LED circuits. Both voltage 

measurement and LED circuits are powered from the VDS net, as shown in 

figure 1. These two parts are discussed in this chapter.  

3.1 Isolated DC Voltage Measurement Circuits 

The CTR of a standard optocoupler is not static, as seen in section 2.1. The 

selection of the correct CTR value becomes challenging if the CTR value 

appears on the voltage measurement equation. Linear optocoupler and isolation 

amplifier ICs could replace the standard optocouplers in the voltage 
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measurement circuit. However, linear optocoupler and isolation amplifier ICs 

were expensive to be used in this thesis work application. The company 

required the voltage measurement circuit with the standard optocouplers only 

and to use the ADC of the microcontroller in the subcircuit for the measurement.  

It is essential to convert the power supply voltage information into some other 

form that could be passed through the standard optocoupler to the 

measurement side without significant dependence on the CTR and form voltage 

measurement equations where the CTR parameter does not appear. This 

approach would produce more accurate measurements when the standard 

optocouplers are used.   

A PWM based technique for the voltage measurement was developed in this 

thesis work. The power supply voltage information is converted into a PWM 

signal, the PWM signal is transferred across the isolation, then the PWM signal 

is converted back to the analog voltage, and the microcontroller measures it. 

However, it was presumed by the company that PWM based voltage 

measurement circuit would interfere with other signals; therefore, the company 

decided to continue with a TL431 based voltage measurement circuit. Isolation 

amplifier and linear optocoupler based voltage measurement circuits were also 

built on breadboards quickly to see their performances. 

3.1.1 Linear Optocoupler Based Voltage Measurement 

Linear optocouplers are built with an LED and closely matched two 

photodiodes. The photodiode currents are generally linearly related to the LED 

current, and the photocurrents through both photodiodes are nominally equal 

[25,4]. A linear optocoupler can be put into a servo feedback loop that 

eliminates the dependency on LED current [25,4]. There are linear optocouplers 

such as IL300, HCNR201, etc. The circuit shown in figure 26 is configured into 
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photovoltaic mode based on the IL300 application note [25,5]. 

 

Figure 26. Linear optocoupler based voltage measurement circuit 

The input signal is taken from VCC, and the output signal is measured from the 

output of the U2 op-amp. TLV9351 was used for both U1 and U2 op-amps. U1 

was powered by VCC, and a 3.33V source powered up U2 op-amp on the 

measurement side. Inverting and non-inverting terminals of U1 are essentially at 

zero volt due to the loop. Photodiode current IP1 depends on the R1 resistor and 

equals to 
𝑉𝐶𝐶

𝑅1
. Equal photodiode current IP2 flows through the R2 resistor. The 

following equations are based on the application note [25,2-5]. The transfer 

function of this circuit is 
𝑉o 

𝑉𝐶𝐶
=

𝐾3×𝑅2

𝑅1
. The transfer gain, 𝐾3 =

𝐾2

𝐾1
. Here, 𝐾1 =

𝐼𝑃1

𝐼𝐹
 

and 𝐾2 =
𝐼𝑃2

𝐼𝐹
; IF is LED current. As K3 is targeted to be 1, 

𝑉o 

𝑉𝐶𝐶
=

𝑅2

𝑅1
 and  

 𝑉𝐶𝐶 =
𝑉o 𝑅1

𝑅2
 (14) 

On the breadboard measurement, it was found that non-zero voltage appears at 

the inverting terminal of U1 op-amp with R1 less than approximately 330kΩ at 

VCC ranging from 16V to 30V. R1=330kΩ and R2=19.96 kΩ were used. 
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3.1.2 Isolation Amplifier Based Voltage Measurement 

There are isolation amplifier ICs like AMC1311B that can be used for isolated 

voltage measurement. AMC1311B is based on capacitive isolation that can 

measure -0.1V to 2V within its specifications [26,22]. The input stage converts 

the analog voltage into a digital bitstream that is passed through the isolation 

[26,20]. The output stage converts the bitstream into a differential signal with 

unity gain [26,20;26,22]. The input side supports a 4.5V to 5.5V power supply, 

and the output side supports a 3V to 5.5V power supply [26,6]. The circuit 

shown in figure 27 is based on the AMC1311B application note [26,25].  

 

Figure 27. AMC1311B based voltage measurement circuit 

The input section of AMC1311B was powered by 5V, and the output section 

was powered by 3.33V. VCC voltage was scaled down to the effective range 

with the voltage divider formed by R1 and R2 at pin 2 of AMC1311B. Vin ranges 

from 
16𝑉×𝑅2

𝑅2+𝑅1
=

16𝑉×6.78𝑘Ω

6.78𝑘Ω+100𝑘Ω
= 1.016𝑉 to 

30𝑉×6.78𝑘Ω

6.78𝑘Ω+100𝑘Ω
= 1.9𝑉 from 16V to 30V VCC. 

The voltage difference between OUTP and OUTN pins is equal to the input 

voltage Vin. A difference amplifier formed by U1 TLV9351 was used to subtract 

OUTN voltage from OUTP with unity gain by selecting R3 = R4 = R5 = R6 = 3.3kΩ 
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and C4 = C6 = 330pF as per the application note [26,25]. As Vout = Vin, Vout can 

be converted back to VCC by:  

 𝑉𝐶𝐶 =
𝑉𝑜𝑢𝑡(𝑅1+𝑅2)

𝑅2
 (15) 

3.1.3 TL431 Based Voltage Measurement 

This voltage measurement circuit is based on TL431. The circuit is shown in 

figure 28.  

 

Figure 28. TL431 based voltage measurement circuit 

The LED of SFH6156-3T optocoupler is placed in the path of shunt regulation, 

as shown in section 2.5. R1 = R2 = 47kΩ makes approximately 4.86V at point Z 

by equation (10) between 16.8V and 30V power supply:  

𝑉𝑍 = (1 +
47kΩ

47kΩ
) 2.5 − 3µA × 47kΩ = 4.86𝑉 

The current drawn by RSUP from VDS net is divided into optocoupler LED 

current IKA and R1 current. Assuming 0.71V voltage drop across the D1 diode, 

𝑉𝐶𝐶 − 0.71 − 𝑉𝑍

𝑅𝑆𝑈𝑃
= 𝐼𝐾𝐴 +

𝑉𝑍 − 2.5𝑉

𝑅1
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 𝐼𝐾𝐴 =
𝑉𝐶𝐶−0.71−𝑉𝑍

𝑅𝑆𝑈𝑃
−

𝑉𝑍−2.5𝑉

𝑅1
 (16) 

𝑉𝐶𝐶 = (𝐼𝐾𝐴 +
𝑉𝑍−2.5𝑉

𝑅1
) 𝑅𝑆𝑈𝑃 + 𝑉𝑍 + 0.71 (17) 

At 16.8V power supply, 𝐼𝐾𝐴 =
16.8𝑉−0.71𝑉−4.86

2.2𝑘Ω
−

4.86−2.5𝑉

47𝑘Ω
= 5.05𝑚𝐴 

At 30V power supply, 𝐼𝐾𝐴 =
30𝑉−0.71𝑉−4.86

2.2𝑘Ω
−

4.86−2.5𝑉

47𝑘Ω
= 11.05𝑚𝐴 

The collector of the optocoupler’s transistor was connected to 3.3V. The emitter 

voltage is buffered by the U3 op-amp. There is an RC low pass filter between 

the optocoupler’s emitter voltage and U3 buffer formed by R3=150kΩ, 

C1=100nF, and C2=470pF. The ADC of the microcontroller measures the output 

of the U3 buffer. Optocoupler’s CTR graph is not present in the datasheet. CTR 

values were measured on the LED card PCBs. These values are presented in 

tables 3 and 4 in the result section.   

 

3.1.4 PWM Based Voltage Measurement 

As shown in section 2.2, an analog voltage can be converted into a PWM signal 

using a comparator and a sawtooth or triangular wave. The duty cycle varies 

with the input voltage level that is fed to the comparator. It was searched on the 

internet what type of ICs available that have the components to convert an 

analog voltage into a PWM signal, support 16.8V–30V supply voltage, and are 

inexpensive enough to meet the company’s budget for the voltage 

measurement circuit. TL494 PWM controller IC meets the supply voltage range, 

includes all the components for the purpose, and is one of the cheapest options. 

The functional block diagram of TL494 is shown in figure 29.  
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Figure 29. TL494 block diagram (Reprinted from [27,10]) 

TL494 consists of a sawtooth oscillator, a PWM comparator, two error 

amplifiers, a 5V voltage regulator, etc. The supply voltage for TL494 ranges 

from 7V to 40V, the voltage regulator can supply 10mA current for additional 

circuits, each open collector output can sink a maximum of 200mA current, and 

the recommended oscillator frequency is 1kHz–300kHz [27,4;27,10]. Grounding 

pin 4 of the dead time comparator ensures the duty cycle control from ~3% to 

100% [27,11]. When the pulse-steering flip flop is disabled, the output logic of 

the PWM comparator appears at both Q1 and Q2 input at the same time, 

meaning both Q1 and Q2 outputs have same characterized PWM signals. The 

pulse-steering flip flop can be disabled by connecting the output control pin 13 

to the ground [27,12]. 

This PWM based voltage measurement circuit block diagram is illustrated in 

figure 30. 



33 

 

 

Figure 30. The block diagram of the PWM based voltage measurement 

A voltage divider is formed from the input voltage VCC. Vx voltage is fed to 

TL494, and TL494 converts this voltage into the corresponding PWM signal. 

Both Q1 and Q2 output the same PWM signals. Q1 drives the optocoupler, and 

Q2 PWM signal is fed to low pass filter 1 (LPF1) to convert the PWM signal 

back to the analog voltage Vy. Vx and Vy voltages are fed to an error amplifier. 

The output of the error amplifier controls the PWM comparator. Error amplifier 

outputs higher voltage when the difference between Vx and Vy is higher. The 

duty cycle of the PWM increases with higher Vx values. A higher duty cycle 

means a higher DC component of the PWM signal. For example, Vx is 1V, and 

the error amplifier would manipulate the duty cycle to make the Vy very close to 

the Vx value. The duty cycle is higher at first, and as Vy moves to the value of 

Vx, the duty cycle keeps going lower. Then, at a certain duty cycle, Vy is very 

close to Vx, and the duty cycle stabilizes at this point. For Vx = 1V, the 

corresponding stabilized PWM duty cycle may be 30%. If the Vx becomes 2V, 

the same scenario occurs, and the corresponding stabilized PWM duty cycle 

could be 70%, for example.  

As said above, Q1 follows the same PWM signal of Q2 output all the time. The 

identical pulses appear at the emitter of the optocoupler. These pulses are 

converted back to the PWM. The duty cycles of the PWM signals in both the 

main and measurement sides should be equal. The measurement side PWM is 

converted back to analog using low pass filter 2 (LPF2). The ADC of the 
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microcontroller measures this voltage which allows the microcontroller to 

calculate the input voltage. The conversion to the analog voltage on the 

measurement side can be avoided if the input capture is available in the 

microcontroller. The microcontroller can measure the duty cycle using the input 

capture that can be used to calculate the input voltage [28].  

The characteristics of the sawtooth oscillator and the PWM comparator of the 

TL494 IC were measured using an oscilloscope. The low and high levels of the 

sawtooth wave are approximately 156mV and 2.8V respectively. The duty cycle 

of the PWM signal increases approximately linearly from 4.44% to 100% with 

0.92V to 3.51V at the feedback pin 3. There is no effect on the duty cycle below 

0.92V at feedback pin 3. 

The voltage measurement circuit is shown in figure 31 with key components 

inside the TL494 block. Alongside TL494, U4A, U4B, U6 op-amps, U5 

comparator, and U9 optocoupler were used. LM324N op-amps and LM393 

comparator were selected as they were available in the laboratory, met the 

voltage range, and were among the cheapest options. This circuit was built on 

the breadboard to measure 16V–30V.  

 

Figure 31. PWM based voltage measurement circuit 
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The presence of diodes in front of U1 and U2 error amplifiers can be seen 

connecting together at pin 3. U1 error amplifier was configured as a non-

inverting amplifier to check if it had a diode voltage drop at pin 3. It was 

confirmed that U1 error amplifier works as per the non-inverting configuration 

without a diode voltage drop at pin 3. U2 was configured as per the datasheet 

[27,8] so that it does not drive pin 3. Pulse-steering flip flop was disabled by 

grounding pin 13. Pin 4 was grounded as no additional dead time was utilized. 

The oscillator frequency was set up using RT and CT. RT and CT values were 

derived from the datasheet's Oscillator Frequency and Frequency Variation vs 

Timing Resistance graph [27,7]. RT = 68kΩ and CT = 0.1µF make the oscillator 

frequency to be 198 Hz. C1 = 10nF, C2 = 100nF, C3 = 47uF were used as 

bypass capacitors. 

As it was observed that pin 3 needs 0.92V–3.51V at pin 3 for controlling the 

duty cycle, the input voltage was scaled down to this range by a voltage divider 

formed by R1 and R2. At 16V, 𝑉𝑥 =
16𝑉×𝑅2

𝑅2+𝑅1
=

16𝑉×9.71𝑘Ω

9.71𝑘Ω+100.13𝑘Ω
= 1.414𝑉 and at 30V, 

𝑉𝑥 =
30𝑉×9.71𝑘Ω

9.71𝑘Ω+100.13𝑘Ω
= 2.652𝑉. U4A op-amp buffer measures Vx voltage.  

A second order Sallen-Key LPF1 was built using the U4B op-amp utilizing the 

online calculator from OKAWA Electric Design [17]. The input to LPF1 is taken 

from the Q2 output with a 5kΩ pullup resistor that is connected to the internal 

5V voltage regulator of TL494. R6 values lower than 300kΩ were loading the Q2 

PWM signal. For example, PWM high value was reduced by 100mV when R6 

was 100kΩ. The reduction was much more at lower R6 values. The PWM high 

value was almost stable at R6 = 300kΩ. R6 = R7 = 300kΩ and C6 = C7 were 

used during the measurements. Performance was observed at different 

capacitor values. The pole frequency can be calculated using equation (7) when 

C6 = C7 = 1µF are used. 

𝑓𝑐 =
1

2𝜋√𝑅6𝑅7𝐶6𝐶7

=
1

2𝜋√300𝑘Ω × 300𝑘Ω × 1µ𝐹 × 1µ𝐹
= 0.53𝐻𝑧 

The converted analog voltage out of LPF1 is taken to the error amplifier formed 

by the U1 op-amp. This error amplifier ensures VX ≈ Vy2; however, as Vy is 



36 

 

LPF1 output, the U1 error amplifier keeps manipulating the duty cycle that 

makes the Vy value close to Vy2. It could be approximated that Vy is equal to 

Vx. Ri and Rf values were chosen such that U1 outputs higher than 3.51V to 

make the duty cycle 100% at a high difference between Vx and Vy. For 

example, at Vx = 2V and Vy = 1.5V, U1 output would be according to equation 

(8):  

𝑉𝑈1𝑂 = 𝑉𝑥 −
(𝑉𝑦 − 𝑉𝑥)𝑅𝑓

𝑅𝑖
= 2𝑉 −

(1.5𝑉 − 2𝑉)56𝑘Ω

1𝑘Ω
= 30𝑉 

Similarly, at Vx = 2V and Vy = 1.99V, U1 output would be: 

𝑉𝑈1𝑂 = 2𝑉 −
(1.99𝑉 − 2𝑉)56𝑘Ω

1𝑘Ω
= 2.56𝑉 

The output voltages of U1 are within 0.92 and 3.51V when Vy is very close to 

but less than Vx. U1 saturates to 0V when Vy exceeds Vx. This is how U1 

regulates the PWM signal, and so does the LPF1 output.  

On the upper side, Q1 drives the U9 CNY17-2 optocoupler LED with an RL 

resistor connected to VCC. Optocoupler LED voltage varies between 1.16V and 

1.32V for 6mA to 13mA current at 25°C [29,5]. RL = 2.2kΩ LED resistor was 

used. It makes the LED current to be approximately 
16𝑉−1.25𝑉

2.2𝑘Ω
= 6.7 𝑚𝐴 at 16V 

VCC and 
30𝑉−1.25𝑉

2.2𝑘Ω
= 13 𝑚𝐴 at 30V at 25°C.  

Optocoupler’s CTR varies between 63% and 125% [29,1], and the normalized 

CTR is about 0.76 according to the normalized CTR graph in the datasheet 

[29,6] at 75°C. The minimum CTR at 75°C can be calculated as per equation (2) 

assuming 10% aging and 20% negative tolerance factors: 

𝐶𝑇𝑅𝑚𝑖𝑛 = 63 ×  0.76 ×  0.9 ×  0.8 = 34.47% 

This makes the minimum emitter current = 34.47% × 6.7𝑚𝐴 = 2.31𝑚𝐴, and the 

minimum voltage across the RE = 820Ω is 2.31𝑚𝐴 × 820 = 1.89𝑉. However, the 

voltage across RE was close to 3.2V during the breadboard measurement.  
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The measurement side circuit was powered by 3.33V. U5 comparator is used to 

construct the PWM signal on the measurement side so that high and low levels 

of the PWM signal are stable, have sharp rise and fall characteristics. R3 and R4 

voltage divider makes 𝑉𝑧 =
3.33𝑉×𝑅4

𝑅4+𝑅3
=

3.33𝑉×12𝑘Ω

12𝑘Ω+27𝑘Ω
= 1.025𝑉. Vz voltage is 

connected to the inverting input and the emitter output VE is connected to the 

non-inverting input of the comparator meaning the comparator outputs high 

when there is a signal at the optocoupler. In other words, the constructed PWM 

signal on the measurement side is in phase with TL494 generated PWM 

signals. The output of the comparator was connected to 3.33V with a 5kΩ 

pullup resistor, and the comparator outputs a 3.33V PWM signal.  

The PWM signal on the measurement side is connected to the input of LPF2 to 

convert it back to the analog voltage that is measured by the ADC of a 

microcontroller. LPF2 has the same characteristics as LPF1. 

Assume the duty cycle of the Q2 PWM is Don1 and the duty cycle of the U5 

comparator output PWM is Don2. Don1 and Don2 are not in percentage; they range 

from 0 to 1. Ideally Don1 = Don2. The DC component of the PWM signal in the 

measurement side using equation (3) is,  

𝑉𝑚 = (𝑉𝑂𝐻2 − 𝑉𝑂𝐿2)𝐷𝑜𝑛2 + 𝑉𝑂𝐿2 

𝐷𝑜𝑛2 =
𝑉𝑚 − 𝑉𝑂𝐿2

𝑉𝑂𝐻2 − 𝑉𝑂𝐿2
 

Similarly, the DC component of Q2 PWM is,  

𝑉𝑦 = (𝑉𝑂𝐻1 − 𝑉𝑂𝐿1)𝐷𝑜𝑛1 + 𝑉𝑂𝐿1 

 𝑉𝑦 = (𝑉𝑂𝐻1 − 𝑉𝑂𝐿1)
𝑉𝑚−𝑉𝑂𝐿2

𝑉𝑂𝐻2−𝑉𝑂𝐿2
+ 𝑉𝑂𝐿1 (18) 

If the duty cycle is used for the measurement, then Vy can be found by 

replacing Don1 with Don2. 
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 𝑉𝑦 = (𝑉𝑂𝐻1 − 𝑉𝑂𝐿1)𝐷𝑜𝑛2 + 𝑉𝑂𝐿1 (19) 

Vy is approximately equal to Vx. Therefore, the input voltage can be calculated 

as follows:  

𝑉𝑥 = 𝑉𝑦 =
𝑉𝐶𝐶 × 𝑅2

𝑅1 + 𝑅2
; ⟹ 𝑉𝑦(𝑅1 + 𝑅2) = 𝑉𝐶𝐶 × 𝑅2 

 𝑉𝐶𝐶 =
𝑉𝑦(𝑅1+𝑅2)

𝑅2
 (20) 

The measured parameters are, 𝑉𝑂𝐻1 = 4.92𝑉; 𝑉𝑂𝐿1 = 0.63𝑉; 𝑉𝑂𝐻2 = 3.28𝑉; 

𝑉𝑂𝐿2 = 0.01𝑉. 

A calculation can be presented. Assume the ADC reads Vm = 1V, then by 

equation (18): 

𝑉𝑦 = (4.92𝑉 − 0.63𝑉)
1𝑉−0.01𝑉

3.28𝑉−0.01𝑉
+ 0.63𝑉 = 1.93𝑉. The corresponding input 

voltage, 𝑉𝐶𝐶 =
1.93𝑉(9.71𝑘Ω+100.13𝑘Ω)

9.71𝑘Ω
= 21.83𝑉. R1 and R2 are required to be in 

tight tolerance because this impacts the measurement result greatly. 

In summary, the input voltage information is converted to a PWM signal by 

TL494. This PWM signal is passed to the measurement side through the 

optocoupler. The PWM signal is converted back to analog voltage using LPF2, 

and this voltage is measured by an ADC. The feedback from LPF1 eliminates 

Here, 𝑉𝑚  =  𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝑣𝑜𝑙𝑡𝑎𝑔𝑒 𝑜𝑛 𝑡ℎ𝑒 𝑖𝑠𝑜𝑙𝑎𝑡𝑖𝑜𝑛 𝑠𝑖𝑑𝑒 

𝑉𝑂𝐻2  =  𝐻𝑖𝑔ℎ 𝑣𝑜𝑙𝑡𝑎𝑔𝑒 𝑙𝑒𝑣𝑒𝑙 𝑜𝑓 𝑈5 𝑐𝑜𝑚𝑝𝑎𝑟𝑎𝑡𝑜𝑟 𝑃𝑊𝑀 

𝑉𝑂𝐿2 = 𝐿𝑜𝑤 𝑣𝑜𝑙𝑡𝑎𝑔𝑒 𝑙𝑒𝑣𝑒𝑙 𝑜𝑓 𝑈5 𝑐𝑜𝑚𝑝𝑎𝑟𝑎𝑡𝑜𝑟 𝑃𝑊𝑀 

𝐷𝑜𝑛2  =  𝐷𝑢𝑡𝑦 𝑐𝑦𝑐𝑙𝑒 𝑜𝑓 𝑈5 𝑐𝑜𝑚𝑝𝑎𝑟𝑎𝑡𝑜𝑟 𝑃𝑊𝑀 
                 𝑟𝑎𝑛𝑔𝑖𝑛𝑔 𝑓𝑟𝑜𝑚 0 𝑡𝑜 1 

𝑉𝑂𝐻1  =  𝐻𝑖𝑔ℎ 𝑣𝑜𝑙𝑡𝑎𝑔𝑒 𝑙𝑒𝑣𝑒𝑙 𝑜𝑓 𝑄2 𝑃𝑊𝑀 

𝑉𝑂𝐿1 = 𝐿𝑜𝑤 𝑣𝑜𝑙𝑡𝑎𝑔𝑒 𝑙𝑒𝑣𝑒𝑙 𝑜𝑓 𝑄2 𝑃𝑊𝑀 

𝐷𝑜𝑛1  =  𝐷𝑢𝑡𝑦 𝑐𝑦𝑐𝑙𝑒 𝑜𝑓 𝑄2 𝑃𝑊𝑀 𝑟𝑎𝑛𝑔𝑖𝑛𝑔 𝑓𝑟𝑜𝑚 0 𝑡𝑜 1 
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the equation dependency on sawtooth wave frequency, which offers less 

measurement error in frequency variation, and feedback should also help attain 

less measurement error in temperature variation.  

3.2 LED Circuits 

This section excludes the model numbers of the LEDs and constant current IC 

due to the confidentiality of the company. The LED card consists of 3000K and 

5000K color temperature LEDs. Each type consists of 36 LEDs. Each LED 

channel is divided into six parallel branches, each branch containing six LEDs in 

series. The nominal LED branch current is 65mA at 21V supply voltage and full 

brightness. The peak LED branch current is higher at higher supply voltage, but 

the circuit maintains an average current of 65mA by 3kHz PWM signal through 

each LED branch at full brightness. The duty cycle of the PWM signal is 

lowered to achieve lower brightness. The 5000K LED channel enters 

emergency mode when the PWM signal for the 5000K LED channel is 

unavailable from the microcontroller. Both 3000K and 5000K LEDs that are 

used in this LED card have identical current voltage relationships and maximum 

allowable current. The LED specifications are derived from the datasheet in the 

calculation.  

3.2.1 3000K LED Channel 

The circuit is shown in figure 32. This circuit does not include the last four 

branches because they have the same components and characteristics as the 

first two branches.  

The PWM signal from the microcontroller is passed through the TCMT1103 

optocoupler to the LED circuit. The LED circuit is in switch mode, as shown in 

subsection 2.6.4. The N-channel MOSFET was chosen based on its capability 

of handling max LED branch current, threshold voltage ≤3.5V, so that high load 

resistor for RE1 can be avoided, and low RDS(ON). The threshold voltage VTH of 
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the MOSFET varies from 1V–3V, and the maximum gate-source voltage is 

±20V. 

 

Figure 32. 3000K LED channel circuit 

The high level of the PWM signal drives the optocoupler LED that causes 

current in the emitter of the optocoupler. The gate voltages of the MOSFETs are 

taken from the optocoupler’s emitter voltage VE1. The current flows through the 

LED branches when the PWM high level is available. When the PWM low level 

appears, it does not activate the optocoupler’s emitter, so the emitter is at 0V 

which turns off the MOSFETs causing no current flow through the LED 

branches. MOSFET gates are discharged via 10Ω gate and RE1 resistors during 

the low period of the PWM signal. Each LED branch has its own MOSFET 

switch. As all MOSFET gates are connected to the optocoupler’s emitter voltage 

through gate resistors, the PWM signal controls all LED branches 

simultaneously. All LED branches ideally have the same characteristics, as 

each branch has the same components.  
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The 3.3V microcontroller generates a minimum 2.9V high level for the PWM 

signals. Optocoupler’s forward LED voltage at 3.2mA is approximately 1.12V at 

25 °C [6,4]. To drive 3.2mA current through the optocoupler LED, it requires 

2.9𝑉−1.12𝑉

3.2𝑚𝐴
= 556.25Ω resistor. A close value RF1 = 560Ω was used in this case. 

The CTR calculation for 3.2mA current for the optocoupler’s LED has been 

presented in section 2.1. A RE1 = 3.3kΩ resistor is between the optocoupler’s 

emitter and the ground. The minimum optocoupler’s emitter current 𝐼𝐸1𝑚𝑖𝑛 =

𝐶𝑇𝑅𝑚𝑖𝑛

100
× 3.2𝑚𝐴 = 0.372 × 3.2𝑚𝐴 = 1.19𝑚𝐴 at 75°C. Therefore, the 

optocoupler’s minimum emitter voltage is 𝐼𝐸1𝑚𝑖𝑛 × 𝑅𝐸1 = 1.19𝑚𝐴 × 3300Ω =

3.93𝑉 that stays above the MOSFET’s threshold voltage during the operation. 

The optocoupler’s minimum emitter voltage at 25°C, excluding the aging and 

tolerance factors, is 0.825 × 3.2𝑚𝐴 × 3300Ω = 8.71𝑉.  A 15V D5 Zener diode is 

used to clamp the gate voltages of the MOSFETs if the CTR causes the emitter 

voltage of the optocoupler to exceed 15V.  

LED branches are powered from the VDS net. LED branch resistance is 

calculated based on full brightness at 21V supply voltage and 65mA current. 

The 3000K LED forward voltage is typically 2.88V at 65mA current according to 

the datasheet. RDS(on) of the MOSFET is below 0.1Ω at 1A drain current and 

4.5V gate to source voltage. The resistor RL1 can be calculated approximately 

using equation (12),  

𝑅𝐿1 =
𝑉𝐶𝐶 − 𝑛𝑉𝑓 − 0.71𝑉

𝐼𝑚𝑎𝑥
− 𝑅𝐷𝑆(𝑜𝑛) =

21𝑉 − 6 × 2.88𝑉 − 0.71𝑉

65𝑚𝐴
− 0.1 = 46.2Ω 

The relationship between the LED current and brightness for both 3000K and 

5000K LED types is linear at different segments, according to the datasheets. 

The overall relationship is considered to be linear in the calculation.  

The brightness can be controlled linearly by changing the PWM duty cycle 

linearly. For example, a 10% duty cycle keeps the LEDs on for 10% time in a 

period, causing an average current of 0.1 × 65𝑚𝐴 = 6.5𝑚𝐴 at 21V supply 

voltage. The 6.5mA LED current denotes 10% brightness; similarly, 32.5mA 

LED current represents 50% brightness. 
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As the LED forward voltage does not change linearly with LED current, LED 

forward voltages were measured on an LED card PCB at different current 

levels.  

Assume the LED forward voltage is 3.2V at 30V supply voltage. Then, the LED 

branch current by equation (11) is: 

𝐼𝑚𝑎𝑥 =
30𝑉 − 6 × 3.2𝑉 − 0.71𝑉

46.2Ω + 0.1Ω
= 218𝑚𝐴 

It is more than the nominal current at full brightness. It can be transformed into 

65mA current by feeding 
65𝑚𝐴×100

218𝑚𝐴
= 29.8% PWM duty cycle. From this 29.8% 

duty cycle point, the brightness can be controlled linearly at 30V. For example, 

the required PWM duty cycle is 0.1 × 29.8% = 2.98% to achieve 10% brightness 

at 30V. The same method is used for supply voltage above 21V up to 30V for 

brightness control. At voltages lower than 21V, the LED branch current would 

follow the equation (11) approximately meaning the brightness would reduce 

with supply voltage reduction.  

The power ratings of the series resistors in the LED branches were 0.25W and 

0.33W. As shown above, the LED branch current may go as high as 218mA at 

30V, the power dissipation of RL1 is (0.2182)𝑚𝐴 × 46.2Ω = 2.2𝑊 at PWM on 

time, which exceeds the power rating. Therefore, RL1 was divided into nine 

0.33W 4.7Ω series resistors in series with three 0.25W 4700Ω, 27Ω, 4.7Ω 

parallel resistors. Power dissipation through each 0.33W 4.7Ω resistor is 

0.2182 × 4.7 = 0.223𝑊 at PWM on time at 30V supply voltage.  

In parallel resistors, 4700Ω and 27Ω form an equal resistance of 
4700Ω×27Ω

4700Ω+27Ω
=

26.85Ω. The current through 0.25W 4.7Ω resistor is 
218𝑚𝐴×26.85Ω

4.7Ω+26.85Ω
= 0.185𝑚𝐴, and 

the power dissipation is (0.1852)𝑚𝐴 × 4.7Ω = 0.161𝑊 that is within the 0.25W 

power rating. The other 4700Ω and 27Ω resistors dissipate less than 0.161W 

power. 
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3.2.2 5000K LED Channel 

The design for the 5000K LED channel is the same as the 3000K LED channel 

in switch mode operation as both LED types have identical I-V curves and 

maximum allowable current. The addition to the 5000K LED channel is its 

operation in the case of the missing PWM signal. The circuit is shown in figure 

33, and the last four LED branches are not shown again as they have the same 

component values as the first two branches.  

 

Figure 33. 5000K LED channel circuit 

The 5000K LED channel switches LED branches with 13mA in CC mode, which 

is 20% brightness, when the PWM signal is not available for the 5000K LED 

channel. The constant current IC based on the single transistor was used here. 

This IC has a nominally 95Ω resistor between the emitter and ground and a 

nominally 1.5kΩ resistor between the EN pin and the base of the transistor. The 
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minimum current gain β is 200. EN pins of these ICs are connected together at 

point P which connects the drain of Q3 N-channel MOSFET. The same 

MOSFET as the LED branch MOSFETs was used for Q3. There is an REN 

resistor between the VDS net and point P. The collectors of the CC ICs connect 

to the cathode of the last LEDs of the branches via 10Ω resistors. The activation 

and deactivation of the Q3 MOSFET using the D3 and R3 combination was 

configured as per the suggestion from the company. During the startup, Q3 

MOSFET is inactive. PWM signal charges the C3 capacitor mostly through the 

D3 diode and turns on the Q3 MOSFET when the C3 voltage exceeds the Q3 

MOSFET threshold voltage. When Q3 MOSFET is active, it pulls the P point 

close to 0V making the CC ICs inactive, so the LED branches work in switch 

mode. In the event of the missing PWM signal, C3 capacitor slowly discharges 

through the R3 resistor, and Q3 becomes inactive once C3 voltage falls below 

the threshold voltage. It activates the CC ICs, and 13 mA current flows through 

each LED branch, and LED branch MOSFETs are inactive during this time. 

From equation in subsection 2.6.1, the base needs to have 𝐼𝐵 ≥
13mA

200
= 65µ𝐴 to 

achieve 13mA current. As the base currents are shared from point P equally to 

each CC IC, the total base current needs to be ≥ 6 × 65µ𝐴 = 390µ𝐴. The 

datasheet of the CC IC does not include the diode voltage drop. Assume the 

total diode voltage drop is 1.6V, and the total current through REN is 540µA, so 

each 1.5kΩ base resistor draws 
540µ𝐴

6
= 90µ𝐴. The voltage at point P is 1.6𝑉 +

(90µ𝐴 × 1.5kΩ ) = 1.735V. It makes 𝑅𝐸𝑁 =
16.8𝑉−0.71𝑉−1.735𝑉

540µ𝐴
= 26583Ω at 16.8V 

supply voltage. 

It required REN = 18kΩ and REXT1 = 123.13Ω to achieve 13mA currents through 

the branches in emergency mode. 
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4 Results 

This chapter includes all measurement results. The measurement results are 

presented in two separate sections that differentiate the isolated DC voltage 

measurement results and LED branch results. This includes breadboard 

measurement results for isolation amplifier, linear optocoupler, and PWM based 

voltage measurement circuits, and TL431 based voltage measurement circuit, 

LED circuits on PCBs of the LED card. Arduino MKR WiFi 1010, digital 

multimeter, and KEYSIGHT InfiniiVision DSOX2014A oscilloscope were used in 

the measurement.  

4.1 Isolated DC Voltage Measurement Circuits 

All components for linear optocoupler, isolation amplifier, and PWM based 

voltage measurement circuits were through hole except AMC1311B and 

TLV9351 ICs. AMC1311B and TLV9351 were soldered on their footprints, and 

wires were soldered on traces coming out of the pins to set them up for 

breadboard circuits. Arduino was used to take voltage measurements wherever 

it was deemed necessary to make the results comparable to other 

microcontrollers taken measurements. The range between the hundredths and 

thousandths place was fluctuating during the measurements with Arduino. The 

most frequent number or the average of frequent numbers was taken as the 

measured value. However, the values were mostly stable on the digital 

multimeter.  

4.1.1 Linear Optocoupler Based Voltage Measurement 

Table 1 lists the measurement results below. The measured voltage is 

converted back to supply voltage using equation (14). The measurements were 

taken with the digital multimeter. After the first measurement, the 

measurements were retaken by replacing the IL300 linear optocoupler with 

another optocoupler of the same model to observe IL300 IC to IC variation. All 

other components were same. 
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Table 1. Linear optocoupler based voltage measurement results 

1st IL300 IC 

 

2nd IL300 IC 

Power 
supply 
voltage 

(V) 

Isolated 
measured 
voltage (V) 

Converted 
power 
supply 

voltage (V) 

Error 
voltage 
(mV) 

Error 
(%) 

Power 
supply 
voltage 

(V) 

Isolated 
measured 

voltage 
(V) 

Converted 
power 
supply 

voltage (V) 

Error 
voltage 
(mV) 

Error 
(%) 

16 1.014 16.76 764.53 4.78 16 1.073 17.74 1739.98 10.87 

17 1.077 17.81 806.11 4.74 17 1.14 18.85 1847.70 10.87 

24 1.521 25.15 1146.79 4.78 24 1.61 26.62 2618.24 10.91 

25 1.585 26.20 1204.91 4.82 25 1.678 27.74 2742.48 10.97 

26 1.648 27.25 1246.49 4.79 26 1.745 28.85 2850.20 10.96 

29 1.839 30.40 1404.31 4.84 29 1.945 32.16 3156.81 10.89 

30 1.903 31.46 1462.42 4.87 30 2.014 33.30 3297.60 10.99 

Measurements were taken from 16V to 30V with 1V step. Measurement results 

show that there are differences between two photodiode currents yielding 0.76V 

to 1.46V difference with the power supply voltage in the case of IL300 IC1. For 

instance, at 30V power supply, the input photodiode current is 
30𝑉

330𝑘Ω
= 90.9µ𝐴 

and the output photodiode current is 
1.903𝑉

19.96𝑘Ω
= 95.34µ𝐴. The voltage error 

increased with an increase in power supply voltage. 

Same characteristics are observed for IL300 IC2 also. However, the error 

voltage differs significantly from IL300 IC1. Here the error percentage is about 

6% higher than the first IC. 

4.1.2 Isolation Amplifier Based Voltage Measurement 

The measurements were taken by the Arduino. The measurements were taken 

in two parts as linear optocoupler with two different AMC1311B ICs. Other 

components were left unchanged. Table 2 shows the measurement results. The 

measurement results are converted back to the power supply voltage using 

equation (15).  
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Table 2. Isolation amplifier based voltage measurement results 

1st AMC1311B IC 

 

2nd AMC1311B IC 

Power 
supply 
voltage 

(V) 

Isolated 
measured 
voltage (V) 

Converted 
power 
supply 

voltage (V) 

Error 
voltage 
(mV) 

Error 
(%) 

Power 
supply 
voltage 

(V) 

Isolated 
measured 
voltage (V) 

Converted 
power 
supply 

voltage (V) 

Error 
voltage 
(mV) 

Error 
(%) 

16 1.019 16.05 48.50 0.30 16 1.022 16.10 95.75 0.60 

17 1.086 17.10 103.70 0.61 17 1.086 17.10 103.70 0.61 

24 1.522 23.97 -29.62 0.12 24 1.522 23.97 -29.62 0.12 

24.8 1.58 24.88 83.83 0.34 24.8 1.582 24.92 115.33 0.47 

24.85 1.585 24.96 112.58 0.45 24.85 1.581 24.90 49.58 0.20 

24.9 1.589 25.03 125.58 0.50 24.9 1.58 24.88 -16.17 0.06 

24.95 1.587 24.99 44.08 0.18 24.95 1.59 25.04 91.33 0.37 

25 1.582 24.92 -84.67 0.34 25 1.594 25.10 104.32 0.42 

26 1.65 25.99 -13.72 0.05 26 1.65 25.99 -13.72 0.05 

27 1.712 26.96 -37.26 0.14 27 1.715 27.01 9.99 0.04 

28 1.782 28.07 65.19 0.23 28 1.78 28.03 33.69 0.12 

29 1.847 29.09 88.89 0.31 29 1.845 29.06 57.39 0.20 

30 1.905 30.00 2.35 0.01 30 1.91 30.08 81.09 0.27 

The results show that most converted power supply voltages are within 100mV 

of actual voltage levels. Both AMC1311B ICs show similar characteristics. Both 

measurements show the error is within 0.61%. 

4.1.3 TL431 Based Voltage Measurement 

The voltage at point Z was measured to be 5.023V. The value remained almost 

the same from 16V to 30V power supply. The measurements were taken with 

only emergency mode on with 10mA current through the 5000K LED branches. 

The microcontroller of the subcircuit was used for the measurements. D1 diode 

voltage was about 0.705V, and the reference voltage Vref was measured to be 

2.43V. CTR values changed with change in power supply voltage and varied 

with another LED card. CTR values were more stable with IKA current more than 

8mA. CTR values were calculated on two different LED cards. The average 

CTR value at 21V, 24V, 29V, and 30V from these two LED cards was 

calculated to be 145.8%. The converted voltage results using this average CTR 

value are shown in table 3 and 4 for two LED cards. The measured voltages 

were converted to the power supply voltage using equations (1), (16) and (17). 
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Table 3. TL431 based circuit measurement results on the first LED card 

First LED card 

Power 
supply 
voltage 

(V) 

IKA 
(mA) 

Measured 
voltage (V) 

Optocoupler 
emitter 
current 
(mA) 

CTR 
(%) 

Converted 
IKA with 
average 
145.8% 

CTR (mA) 

Converted 
power 
supply 
voltage 

(V) 

Error 
voltage 
(mV) 

Error 
(%) 

16 4.614 0.527 6.433 139 4.411 15.55 -446.78 2.79 

17 5.068 0.584 7.121 140 4.883 16.59 -409.01 2.41 

21 6.887 0.819 9.988 145 6.849 20.92 -82.71 0.39 

24 8.250 1.001 12.213 148 8.374 24.27 273.20 1.14 

24.8 8.614 1.040 12.687 147 8.699 24.99 187.51 0.76 

24.85 8.637 1.042 12.713 147 8.718 25.03 177.94 0.72 

24.9 8.659 1.046 12.758 147 8.748 25.10 195.33 0.78 

24.95 8.682 1.048 12.785 147 8.767 25.14 185.76 0.74 

25 8.705 1.059 12.910 148 8.852 25.32 324.45 1.30 

29 10.523 1.294 15.778 150 10.819 29.65 650.75 2.24 

30 10.978 1.348 16.439 150 11.272 30.65 648.09 2.16 

 

Table 4. TL431 based circuit measurement results on the second LED card 

Second LED card 

Power 
supply 
voltage 

(V) 

IKA 
(mA) 

Measured 
voltage 

(V) 

Optocoupler 
emitter 

current (mA) 

CTR 
(%) 

Converted 
IKA with 
average 
145.8% 

CTR (mA) 

Converted 
power 
supply 
voltage 

(V) 

Error 
voltage 
(mV) 

Error 
(%) 

16 4.614 0.495 6.031 131 4.135 14.95 -1053.27 6.58 

17 5.068 0.550 6.710 132 4.601 15.97 -1028.98 6.05 

21 6.887 0.787 9.595 139 6.579 20.32 -675.73 3.22 

24 8.250 0.967 11.793 143 8.087 23.64 -360.25 1.50 

24.8 8.614 1.013 12.356 143 8.472 24.49 -311.16 1.25 

24.85 8.637 1.015 12.383 143 8.491 24.53 -320.73 1.29 

24.9 8.659 1.018 12.410 143 8.509 24.57 -330.29 1.33 

24.95 8.682 1.021 12.445 143 8.534 24.62 -326.38 1.31 

25 8.705 1.024 12.490 143 8.564 24.69 -309.00 1.24 

29 10.523 1.256 15.322 146 10.506 28.96 -36.61 0.13 

30 10.978 1.309 15.965 145 10.947 29.93 -66.23 0.22 
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The results below 21V can be ignored as the LEDs are operated with maximum 

100% PWM duty cycle. The first LED card shows that power supply voltage 

conversion is higher than the actual voltage except at 21V. It has a maximum of 

650.75mV difference with the actual voltage making 2.24% error.  

The results are the opposite for the second LED card. The conversion results in 

maximum 675.3mV lower than the actual voltage making maximum 3.22% 

error.  

4.1.4 PWM Based Voltage Measurement 

A thorough measurement was taken for this circuit. A high speed optocoupler 

VOH1016AD was used to compare the result with the standard optocoupler 

CNY17-2.  High speed optocoupler was more accurate than the standard 

optocoupler at every conducted operating frequency because it has better rise 

and fall characteristics than the standard optocouplers. The circuit was operated 

with 1.27kHz, 408Hz, and 198Hz frequencies. The circuit with the standard 

optocoupler performed better at 198Hz and 408Hz than at 1.27kHz. 

Measurements taken with 198Hz operating frequency are presented in this 

subsection. Other measurement results are shown in appendix 1.  

Referring to the circuit shown in figure 31, waveforms of TL494 sawtooth wave, 

Q2 PWM output, optocoupler’s emitter, U5 comparator output, LPF1 output, and 

LPF2 output were captured using the oscilloscope. Figure 34 shows the 

sawtooth wave, Q2 PWM output, and U5 comparator output at 24V supply 

voltage. Yellow, green, and blue waveforms represent the sawtooth wave, Q2 

PWM output, and U5 comparator output respectively. U5 comparator duty cycle 

is bit higher than the Q2 PWM output because it stays high approximately 8µS 

longer than the Q2 PWM due to the optocoupler’s slow fall response. 
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Figure 34. Sawtooth wave, Q2 PWM output, and U5 comparator output 
waveforms 

Figures 35 and 36 show the rise and fall characteristics of Q2 PWM, 

optocoupler’s emitter, and U5 comparator PWM output respectively at 24V 

supply voltage. Yellow, green, and blue waveforms represent Q2 PWM, 

optocoupler’s emitter output, and U5 comparator output respectively. 

 

Figure 35. Q2 PWM, optocoupler’s emitter, and U5 comparator rise 
characteristic 
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Figure 36. Q2 PWM, optocoupler’s emitter, and U5 comparator fall 
characteristic 

Figures 35 and 36 show that both Q2 PWM and U5 comparator PWM have 

similar fall and rise behaviour. Optocoupler’s phototransistor has shorter turn-on 

time than turn-off time. 

The output of LPF2 had ringing and oscillation at PWM fall and rise. LPF1 

output also had ringing but the waveform looks better than LPF2 output. Figure 

37 shows the scenario, and figure 38 shows a closer view. Yellow, green, and 

blue waveforms represent Q2 PWM, LPF1 output, and LPF2 output 

respectively. 
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Figure 37. Ringing and oscillation on LPF1 and LPF2 waveforms 

 

Figure 38. Closer view of ringing and oscillations 

Figure 38 shows that LPF2 takes about 70µS to settle during the rise of Q2 PWM 

but takes about 10µS to settle during the fall of Q2 PWM. 



53 

 

Measurements were taken with two sets of ICs to observe how IC to IC 

variation affects the accuracy. The high and low voltage levels were 4.92V and 

0.63V respectively for Q2 PWM output. The PWM output of the U5 comparator 

had 3.28V high voltage and 0.01V low voltage. The measurements were taken 

with 1V step from 16V to 30V and some measurements with 50mV steps. The 

voltage was measured using the Arduino, and the oscilloscope was used to 

measure the duty cycle of the U5 comparator PWM. The values are shortened 

to two decimals mostly. Measurement results of the first ICs set are presented 

in table 5 using equations (18), (19), (20).  

Table 5. PWM based voltage measurement results with the first ICs set 

First ICs set 

Power 
supply 
voltage 

(V) 

Measured 
LPF2 

voltage Vm 
(V) 

Converted 
power 
supply 
voltage 

using LPF 
method (V) 

Voltage 
error in 

LPF 
method 

(mV) 

Voltage 
error 

percentage 
in LPF 

method (%) 

Measured 
duty cycle 

(%) 

Converted 
power 
supply 
voltage 

using duty 
cycle (V) 

Voltage 
error in 

duty 
cycle 

method 
(mV) 

Voltage 
error 

percentage 
in duty 
cycle 

method (%) 

16 0.615 16.11 105.14 0.66 17.76 15.75 -254.71 1.59 

16.8 0.668 16.89 91.69 0.55 19.37 16.53 -273.40 1.63 

16.85 0.67 16.92 71.37 0.42 19.46 16.57 -279.73 1.66 

16.9 0.674 16.98 80.74 0.48 19.57 16.62 -276.34 1.64 

16.95 0.678 17.04 90.10 0.53 19.68 16.68 -272.96 1.61 

17 0.681 17.08 84.62 0.50 19.78 16.73 -274.43 1.61 

18 0.748 18.08 78.94 0.44 21.82 17.72 -284.45 1.58 

19 0.815 19.07 73.26 0.39 23.92 18.73 -265.35 1.40 

20 0.881 20.05 52.74 0.26 25.92 19.71 -294.77 1.47 

21 0.946 21.02 17.37 0.08 28 20.71 -285.38 1.36 

22 1.015 22.04 41.37 0.19 30 21.69 -314.80 1.43 

23 1.082 23.04 35.69 0.16 32.05 22.68 -319.96 1.39 

24 1.148 24.02 15.17 0.06 34.1 23.67 -325.12 1.35 

24.8 1.203 24.83 31.40 0.13 35.78 24.49 -309.84 1.25 

24.85 1.205 24.86 11.08 0.04 35.88 24.54 -311.31 1.25 

24.9 1.209 24.92 20.44 0.08 35.98 24.59 -312.79 1.26 

24.95 1.212 24.96 14.97 0.06 36.04 24.62 -333.67 1.34 

25 1.216 25.02 24.33 0.10 36.2 24.69 -306.02 1.22 

26 1.283 26.02 18.65 0.07 38.25 25.69 -311.18 1.20 

27 1.35 27.01 12.97 0.05 40.25 26.66 -340.61 1.26 

28 1.417 28.01 7.29 0.03 42.3 27.65 -345.77 1.23 

29 1.486 29.03 31.29 0.11 44.3 28.62 -375.20 1.29 

29.8 1.538 29.80 3.00 0.01 46 29.45 -350.21 1.18 

29.85 1.542 29.86 12.36 0.04 46.1 29.50 -351.68 1.18 

29.9 1.546 29.92 21.72 0.07 46.2 29.55 -353.15 1.18 

29.95 1.55 29.98 31.08 0.10 46.3 29.60 -354.62 1.18 

30 1.552 30.01 10.76 0.04 46.44 29.66 -336.68 1.12 
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The conversion shows a maximum 105.14mV higher voltage than the actual 

power supply voltage with LPF conversion method having maximum 0.66% 

error. On the other hand, the duty cycle conversion method results in a 

maximum of 375.2mV lower voltage than the actual power supply voltage, and 

the maximum error conversion is 1.66%. The measured value Vm increased 

2mV–4mV and the duty cycle increased 0.03%–0.07% with 50mV increase in 

power supply voltage. 

Then all ICs were changed with the same models except resistors and 

capacitors. The measurement results of the second ICs set are shown in table 

6. 

Table 6. PWM based voltage measurement results with the second ICs set 

Second ICs set 

Power 
supply 
voltage 

(V) 

Measured 
LPF2 

voltage Vm 
(V) 

Converted 
power 
supply 
voltage 

using LPF 
method (V) 

Voltage 
error in 

LPF 
method 

(mV) 

Voltage 
error 

percentage 
in LPF 

method (%) 

Measured 
duty cycle 

(%) 

Converted 
power 
supply 
voltage 

using duty 
cycle (V) 

Voltage 
error in 

duty 
cycle 

method 
(mV) 

Voltage 
error 

percentage 
in duty 
cycle 

method (%) 

16 0.632 16.36 357.43 2.23 18.24 15.98 -21.78 0.14 

16.8 0.685 17.14 343.98 2.05 19.9 16.78 -16.20 0.10 

16.85 0.688 17.19 338.50 2.01 20 16.83 -17.67 0.10 

16.9 0.693 17.26 362.71 2.15 20.1 16.88 -19.14 0.11 

16.95 0.695 17.29 342.39 2.02 20.2 16.93 -20.61 0.12 

17 0.699 17.35 351.75 2.07 20.3 16.98 -22.08 0.13 

18 0.768 18.38 375.75 2.09 22.4 18.00 -2.98 0.02 

19 0.833 19.34 340.39 1.79 24.42 18.98 -22.70 0.12 

20 0.9 20.33 334.71 1.67 26.51 19.99 -8.45 0.04 

21 0.968 21.34 343.87 1.64 28.56 20.99 -13.61 0.06 

22 1.035 22.34 338.18 1.54 30.62 21.99 -13.92 0.06 

23 1.102 23.33 332.50 1.45 32.7 23.00 -4.53 0.02 

24 1.169 24.33 326.82 1.36 34.72 23.98 -24.25 0.10 

24.8 1.224 25.14 343.05 1.38 36.37 24.78 -23.52 0.09 

24.85 1.226 25.17 322.73 1.30 36.5 24.84 -10.44 0.04 

24.9 1.231 25.25 346.94 1.39 36.6 24.89 -11.91 0.05 

24.95 1.232 25.26 311.78 1.25 36.7 24.94 -13.38 0.05 

25 1.235 25.31 306.30 1.23 36.8 24.99 -14.85 0.06 

26 1.304 26.33 330.30 1.27 38.85 25.98 -20.01 0.08 

27 1.371 27.32 324.62 1.20 40.9 26.97 -25.17 0.09 

28 1.44 28.35 348.62 1.25 42.95 27.97 -30.34 0.11 

29 1.506 29.33 328.10 1.13 44.96 28.95 -54.91 0.19 

29.8 1.559 30.11 314.65 1.06 46.6 29.74 -59.04 0.20 

29.85 1.564 30.19 338.85 1.14 46.7 29.79 -60.51 0.20 

29.9 1.566 30.22 318.53 1.07 46.82 29.85 -52.28 0.17 

29.95 1.57 30.28 327.89 1.09 46.95 29.91 -39.19 0.13 

30 1.573 30.32 322.42 1.07 47.05 29.96 -40.66 0.14 
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In the second ICs set, the average difference between the converted power 

supply voltage and the actual voltage is 336mV, and the error ranged from 

1.06% to 2.23% in the case of LPF method. However, the error decreases from 

the first ICs set if the duty cycle conversion method is used. The maximum error 

is 0.2% with the duty cycle method. 

4.2 LED Circuits 

A program for 3kHz PWM signals was not available at the time of the 

measurements. The Arduino was used to generate 732Hz PWM signals that 

had 2.85V high level voltages. It was not possible to achieve 100% PWM duty 

cycle with the program used in Arduino. The maximum duty cycle was 99.61% 

which is considered to indicate the full brightness at 21V in the calculation. The 

subcircuit was disconnected from the power, and the PWM pins of Arduino were 

connected to the corresponding pads on the subcircuit for the measurements.  

The LED cards had 10mA emergency current with the original resistor values. 

The 3000K LED channel was measured by keeping the 5000K LED branches at 

10mA emergency current because the measured values would also be close if 

the measurements were taken at 13mA emergency current. 

4.2.1 3000K LED Channel 

The LED branches' characteristics were first measured at 21V. Measurements 

were taken by keeping the emergency mode on for the 5000K LED channel. 

The voltage across the D1 diode was 0.93V. The maximum 65.96mA current 

was observed on the sixth branch, and the minimum current was measured to 

be 64.26mA on the second branch at 21V full brightness. This results in 2.58% 

difference between the minimum and maximum LED branch currents. The 

average LED voltage was 2.828V at 21V full brightness. Only measurement 

results of the fourth branch, which draws power approximately from the 

midsection of the VDS net on the PCB, are shown in table 7.  
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Table 7. LED branch currents at different brightness levels at 21V of the 3000K 
LED channel 

Brightness level 
(%) 

PWM duty cycle 
(%) 

Resistor voltage 
(V) 

Average LED 
current (mA) 

Theoretical LED 
current (mA) 

100 99.61 0.305 64.894  

70 69.53 0.214 45.532 45.121 

50 49.6 0.152 32.340 32.187 

30 29.7 0.091 19.362 19.273 

10 9.77 0.0312 6.638 6.340 

1 0.78 0.004 0.851 0.506 

The LED branch current was measured by measuring the voltage across a 4.7Ω 

resistor. Theoretically, the LED current should be 66.73mA at 99.61% PWM 

duty cycle, according to the equation (11). The measured current was 

64.894mA at 99.61% PWM duty cycle. The theoretical LED current values at 

different brightness levels are listed in the last column of table 7 by taking 

64.894mA as the maximum current at 21V full brightness. The result shows that 

the average LED current and the PWM cycle have a good linear relationship. 

Then the average LED voltages and D1 diode voltage drops at 99.61% PWM 

duty cycle were measured from 22V to 30V with 1V step leaving the 5000K LED 

channel on emergency mode. The results are shown in table 8. 

Table 8. D1 diode and LED voltage drops from 22V to 30V 

Power supply 
voltage (V) 

D1 diode 
voltage drop (V) 

Average LED 
voltage (V) 

22 0.936 2.875 

23 0.975 2.912 

24 1.04 2.949 

25 1.06 2.986 

26 1.1 3.016 

27 1.13 3.05 

28 1.11 3.087 

29 1.2 3.118 

30 1.18 3.147 
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The voltages across the D1 diode and LED generally increased with higher 

power supply voltages. With D1 diode and LED voltage drop information from 

table 8, the required PWM duty cycles can be calculated for different brightness 

levels from 22V to 30V as per subsection 3.2.1. Theoretical PWM duty cycles 

and the measured PWM duty cycles for 24V and 30V are shown in table 9. The 

low PWM resolution of Arduino prevented the generation of exact duty cycles to 

achieve the theoretical current values; therefore, the measured PWM cycles 

refer to the approximate values that are required to achieve the theoretical 

currents. 

Table 9. Theoretical and measured PWM duty cycles at different brightness 
levels at 24V and 30V of the 3000K LED channel 

Brightness 
level (%) 

Target 
LED 

current 
(mA) 

24V 

 

30V 

Theoretical 
PWM duty 
cycles (%) 

Measured 
PWM duty 
cycles (%) 

Theoretical 
PWM duty 
cycles (%) 

Measured 
PWM duty 
cycles (%) 

100 65 57.138 58.6 30.3 31.64 

70 45.5 39.997 40.62 21.194 21.88 

50 32.5 28.569 29.3 15.138 15.62 

30 19.5 17.141 17.19 9.083 9 

10 6.5 5.714 5.08 3.028 2.35 

5 3.25 2.857 2.34 1.514 1.17 

The measurements show that the theoretical and measured PWM duty cycles 

to achieve the desired brightness levels are close. It is observed that lower 

PWM duty cycles than the theoretical ones were needed to achieve low 

brightness, such as 10% or lower brightness at both 24V and 30V power 

supply. 

It was possible to control the 3000K LED channel using the full range of the 

PWM duty cycle because the gate voltages of the MOSFETs could exceed the 

MOSFETs’ threshold voltages at very low PWM duty cycles. The optocoupler’s 

emitter reached about 11V during PWM on time. 
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4.2.2 5000K LED Channel 

The LED current and voltage drop characteristics of the 5000K LED branches 

were similar to the 3000K LED branches in switch mode. The emergency circuit 

required REN = 18kΩ and 150Ω, 1000Ω, 2200Ω resistors in parallel with the 

internal 95Ω emitter to ground resistor of the constant current IC to limit the 

current to 13mA in emergency mode. The emergency mode currents through 

each branch at 24V and 30V are shown in table 10.  

Table 10. LED branch currents in emergency mode 

Branch 
24V 

 

30V 

Current (mA) Current (mA) 

1 13.3 13 

2 13.26 12.89 

3 13.1 12.85 

4 13.1 12.84 

5 13.1 12.87 

6 13.3 12.97 

Measurement results show that the current remained almost equal throughout 

the voltage range and branches. Table 10 shows that the current decreased a 

little with the increase in the power supply voltage. The current starts to 

decrease after about 17.8V and maintains about 5.9mA at 16.8V. 

The emergency mode turned on below 0.78% PWM duty cycle with C3 = 100 nF 

and R3 = 1MΩ. The Optocoupler’s emitter high level voltage was 4.71V, and 

capacitor C3 voltage was 3.98V at 0.78% PWM duty cycle. These voltages 

reduce to 2.22V and 1.62V respectively at 0.39% PWM duty cycle which turn off 

LED branch MOSFETs and Q3 MOSFET, and the emergency mode is turned 

on.  

The emitter voltages of the optocouplers from both LED channels had similar 

waveforms. The 3000K LED channel optocoupler’s emitter had higher top 

voltage than the 5000K LED channel optocoupler’s emitter at low duty cycles, 

such as less than 5%. Both optocouplers had similar characteristics at the 
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higher duty cycles. The top voltage of the 5000K LED channel optocoupler 

reached about 11V. The emitter voltage waveforms of the 5000K LED channel 

optocoupler at 49.61% and 0.78% are shown in figure 39 and 40 respectively. 

The yellow wave represents the PWM signal, and the green waveform 

represents the optocoupler’s emitter voltage. 

 

Figure 39. The emitter voltage waveform of the 5000K LED channel optocoupler 
at 49.61% PWM duty cycle 

 

Figure 40. The emitter voltage waveform of the 5000K LED channel optocoupler 
at 0.78% PWM duty cycle 
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The optocoupler has difficulties lining up with the PWM signal at very low and 

high duty cycles. The waveform looks better at other duty cycles. The 

optocoupler stays on longer than the PWM signal at very low duty cycles and 

does not turn off fully at duty cycles approximately higher than 98.83%.  

Branch 3 was connected to the midsection of the VDS net on the PCB. 

Measurement results are shown for this branch. Table 11 shows the 

measurement results at 21V. The 3000K LED channel was turned off during the 

measurements. 

Table 11. LED currents at different brightness levels at 21V of the 5000K LED 
channel 

Brightness level 
(%) 

PWM duty cycle 
(%) 

Resistor voltage 
(V) 

Average LED 
current (mA) 

Theoretical LED 
current (mA) 

100 99.61 0.313 66.596  

69.53 69.53 0.219 46.596 46.304 

49.6 49.6 0.156 33.191 33.031 

29.7 29.7 0.094 20 19.779 

9.77 9.77 0.0325 6.915 6.506 

0.78 0.78 0.0037 0.787 0.519 

Theoretical currents are calculated based on the 66.596mA maximum current. 

The measured current values are close to the theoretical ones. Table 12 shows 

the measurement results at 24V and 30V with 3000K LED channel in off 

condition. Theoretical values are calculated using the LED and D1 diode 

voltage drops found for the 3000K LED channel. 
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Table 12. Theoretical and measured PWM duty cycles at different brightness 
levels at 24V and 30V of the 5000K LED channel 

Brightness 
level (%) 

Target 
LED 

current 
(mA) 

24V 

 

30V 

Theoretical 
PWM duty 
cycles (%) 

Measured 
PWM duty 
cycles (%) 

Theoretical 
PWM duty 
cycles (%) 

Measured 
PWM duty 
cycles (%) 

100 65 57.138 57 30.3 31.64 

70 45.5 39.997 39.85 21.194 21.88 

50 32.5 28.569 28.13 15.138 15.23 

30 19.5 17.141 16.8 9.083 9 

10 6.5 5.714 5.08 3.028 2.34 

5 3.25 2.857 2.34 1.514 1.17 

Table 12 shows that the measurement results are close to the 3000K LED 

channel results in table 9. However, both 3000K and 5000K LED branches 

deviate from the results shown in table 7 and 11 when both channels operate at 

the same brightness levels. The deviation is within 2mA current. The results are 

shown in table 13 at 21V. The currents through the branches reduced in this 

measurement. For example, it was 64.894mA at full brightness, but the new 

measurement shows the current is 62.979mA for the 3000K LED branch. 

Similarly, the 5000K LED branch current reduces to 64.468mA from 66.596mA 

at full brightness. 

Table 13. 3000K and 5000K LED channel characteristics at 21V when both LED 
channels were operating 

Brightness 
level (%) 

PWM duty 
cycle (%) 

3000K LED branch 

 

5000K LED branch 

Resistor 
voltage (V) 

Average LED 
current (mA) 

Resistor voltage 
(V) 

Average 
LED current 

(mA) 

100 99.61 0.296 62.979 0.303 64.468 

69.53 69.53 0.208 44.255 0.212 45.106 

49.6 49.6 0.148 31.489 0.151 32.128 

29.7 29.7 0.088 18.723 0.091 19.362 

9.77 9.77 0.0306 6.511 0.0315 6.702 

0.78 0.78 0.004 0.851 0.0038 0.809 

There is noticeable voltage change across the D1 diode when both channels 

operate at considerable brightness. This voltage change contributes to the 
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deviation. Another D1 diode voltage drop measurements were taken from 21V 

to 30V by keeping both LED channels turned on at 99.61% PWM duty cycles. 

The results are shown in table 14.  

Table 14. D1 voltage drop from 21V to 30V with both channels on at 99.61% 
PWM duty cycles 

Power supply 
voltage (V) 

D1 diode 
voltage drop (V) 

21 1.036 

22 1.09 

23 1.106 

24 1.2 

25 1.26 

26 1.35 

27 1.4 

28 1.48 

29 1.57 

30 1.7 

5 Discussion 

The LED circuits mostly followed the theoretical calculations. There were some 

differences among the LED branch currents due to the components' tolerances 

and undesired voltage drops along the PCB traces. The measurements were 

taken with 732Hz PWM signals. It is expected to see more non-linearity 

between the PWM duty cycle and the brightness level when the LEDs are 

driven with 3kHz PWM signals because of the slow response of the standard 

optocoupler. This may be mitigated by using the high speed optocouplers. 

Both 3000K and 5000K LED types have maximum continuous current rating of 

180mA and 240mA pulsed current with duty cycle equal to or less than 10%, 

according to the datasheets. The maximum current through the fourth branch of 

the 3000K LED channel was measured to be 210mA at 30V supply voltage 

keeping the 5000K LED channel in emergency mode. This exceeds the 

maximum continuous LED current rating but is within the range of 240mA 

pulsed current. However, the duty cycle should not exceed 10% if the LEDs are 

driven with 240mA pulsed current. For a safer operation, each branch may 
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contain five LEDs. For example, the required resistor value for five LEDs per 

branch is 
21𝑉−5×2.828V−0.93𝑉

65𝑚𝐴
= 91.23Ω according to equation (12) with updated 

D1 diode and LED voltage drop at 21V. This makes the LED current 

approximately 
30𝑉−5×3.147𝑉−1.18𝑉

91.23Ω
= 143.43𝑚𝐴 at 30V supply voltage, which is 

lower than the maximum continuous LED current limit.  

The emergency mode turned on below 0.78% PWM duty cycle. The CTR 

degradation of the optocoupler is expected to cause emitter voltage reduction 

which may turn on the emergency mode above 0.78% PWM duty cycle in the 

future. Retriggerable monostable multivibrator ICs like 74LS123 can be utilized 

to solve this issue. The EN pins of the constant current ICs can be connected to 

the output of the 74LS123. The 74LS123 can then be configured into the 

retriggering mode that checks if the PWM signal is available from the 

optocoupler. If the PWM signal is available, the output of 74LS123 is low, and 

the 5000K LED branches operate in switch mode. The 74LS123 outputs high 

when the PWM signal is missing and turns on the emergency mode. 

The linear optocoupler based voltage measurement results show that the 

difference between input and output photodiode currents may seem small but it 

causes significant voltage measurement error, and IL300 IC to IC variation 

impacts the result heavily. This method does not fit with this thesis work 

application. A further measurement can be done with the HCNR201 linear 

optocoupler. 

The maximum error voltage is 348.62mV, above 21V, which occurs at 28V in 

PWM based voltage measurement using the LPF method with the second ICs 

set. The actual LED current at 28V is 
28𝑉−6×3.087𝑉−1.11𝑉

46.3Ω
= 180.73𝑚𝐴, this would 

require 
65𝑚𝐴×100

180.73𝑚𝐴
= 35.96% PWM duty cycle to achieve full brightness. This 

PWM based voltage measurement circuit would require erroneously 
65𝑚𝐴×100

1000
÷

28.348𝑉−6×3.087𝑉−1.11𝑉

46.3Ω
= 34.53% PWM duty cycle, which is 1.43% lower than the 

actual duty cycle. The same circuit with different batch ICs of the same models 
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can be measured to determine what offset voltage can be used in the equation 

to lower the measurement error. This circuit is the slowest among all the voltage 

measurement circuits discussed in this thesis. As described in subsection 3.1.4, 

the PWM would saturate when there is a significant sudden change in the 

power supply voltage. Therefore, the average of the samples is recommended 

when the voltage is measured using the duty cycle. LPF method alleviates this 

issue highly; however, it would take about two seconds to settle the 

measurement with 300kΩ resistors and 1µF capacitors for the low pass filters. It 

was tested that frequencies lower than 0.53Hz do not produce any noticeable 

measurement accuracy. If a large Rf value, such as more than 560kΩ, is used 

with the U1 error amplifier, a Cf capacitor value that forms a low pass filter 

around 60Hz is required to make U1 stable. This circuit can be built with 

modern op-amps and high speed optocouplers to see how much improvement 

they make. This PWM method is expected to produce more accurate 

measurements if the feedback can be taken out of the LPF2. 

TL431 based voltage measurement circuit produces ± difference with the actual 

voltage depending on the LED card. The error percentage is generally less than 

2%. More CTR values on more LED cards can be measured which may reduce 

the error in all LED cards overall. The measurements were taken with only the 

emergency mode on. It will cause more inaccuracy when both LED channels 

operate because the voltage drop across the D1 diode will increase. One 

calculation for the LED current difference between LED card 1 and card 2 is 

provided. Assume only the 5000K LED channel is operated with full brightness 

at 24V, and the 3000K LED channel is off. According to table 3 and 4, LED card 

1 measures 24V as 24.27V whereas LED card 2 measures 23.64V. Table 8 

states that the D1 diode voltage drop is 1.04V, and the LED voltage drop is 

2.949V. The LED card 1 microcontroller calculates the PWM duty cycle to be 

65𝑚𝐴×100

1000
÷

24.27𝑉−6×2.949𝑉−1.04𝑉

46.3Ω
= 54.36%. Similarly, LED card 2 microcontroller 

calculates a 61.34% PWM duty cycle. These calculations make the actual LED 

current on the LED card 1 be 
54.36×1000

100
×

24𝑉−6×2.949𝑉−1.04𝑉

46.3Ω
= 61.83𝑚𝐴, and 

similarly, the actual current on LED card 2 is 69.77mA. There is a 7.94mA 
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current difference between these two LED cards at full brightness at 24V with 

only the 5000K LED channel on. If the microcontroller measures decimal 

voltage values, such as 25.3V, the calculations can be performed using the 

nearest data points from tables 8 and 14. 

The isolation amplifier technique provided the best result among all techniques. 

The error is less than 0.61%. It provides the least measurement error in IC to IC 

variation. This method suits this thesis work application well if the cost is not an 

issue. 

The use of the D1 diode as reverse voltage polarity protection does not fit well 

for the LED driving technique used in this thesis work. The high voltage drop 

across the D1 diode affects the current through the LED branches and the 

voltage measurement. If the D1 diode can be removed, then the LED branches 

and the voltage measurement circuit are not required to depend on the voltage 

drop. No separate diode voltage drop measurements would be required, as 

shown in tables 8 and 14. There should be other methods to protect the LED 

card against the reverse voltage polarity that does not cause a significant 

voltage drop. One method could utilize the MOSFETs as the protector [30]. For 

example, if MOSFET’s RDS(on) is 20mΩ and the current is 2A, then the voltage 

drop is 40mV, which can be ignored in the LED and voltage measurement 

circuit equations. 

The LED branch requires many resistors of small values if one single resistor 

does not meet the power dissipation rating. It requires significant space on the 

PCB. Further studies can be performed to see if this LED driving technique with 

all limitations benefits overall more than the other techniques for specific 

applications.  
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6 Conclusion 

The purpose of this thesis work was to design an LED driving circuit with PWM 

signals through the isolation barrier. The circuits were built upon LED cards, 

which are the single units of the lighting system, provided by Teknoware 

company, in public transport. Two color temperature LEDs, 3000K and 5000K, 

were used in the LED cards. Each LED type consisted of 36 LEDs that were 

divided into six parallel branches where each branch contains six LEDs. There 

is a subcircuit that includes a microcontroller. The subcircuit is separated from 

the main circuit with isolation. The microcontroller controls the 3000K and 

5000K LED channels separately by manipulating PWM signals. The power 

supply voltage varies from 16.8V to 30V. Both LED channels have nominally 

65mA LED branch current at 21V. The microcontroller controls the brightness 

level by varying the PWM duty cycle. The brightness and the PWM duty cycle 

have a linear relationship. The LED branches were configured in switch mode 

through N-channel MOSFET switches. The microcontroller generated PWM 

signals drive the MOSFETs’ gates. The higher power supply voltage than 21V 

requires the PWM duty cycle to be less than 100% to generate a 65mA average 

current through the LED branches. The information on the power supply voltage 

is vital because the required PWM duty cycle depends on the power supply 

voltage level. The microcontroller measures this power supply voltage and 

determines what PWM duty cycle is required to achieve a specific brightness 

level. The 5000K LED channel enters the emergency mode at 20% brightness 

level when the PWM signal is missing on the 5000K LED channel. 

There are isolated voltage measurement circuits available based on linear 

optocouplers and isolation amplifiers, but they were costly for this thesis work 

application. The majority of this thesis work was devoted to developing an 

isolated DC voltage measurement technique using the standard optocoupler on 

a tight budget. It was necessary to design a circuit that does not depend on the 

standard optocoupler’s CTR for improved measurement accuracy. A PWM 

based isolated voltage measurement circuit was developed that does not 

depend on the optocoupler’s CTR. It was presumed by the company that the 
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PWM based voltage measurement method may interfere with other signals. The 

company decided to use the TL431 IC using the standard optocoupler for the 

voltage measurement. Linear optocoupler and isolation amplifier based circuits 

were also built on breadboards to check their performances.  

The isolated voltage measurement circuits were tested twice. The ICs were 

changed with the same models to observe how IC to IC variation affects the 

voltage measurement accuracy. Linear optocoupler, isolation amplifier, and 

PWM based circuits were built on breadboards for the measurements. Only the 

linear optocoupler and the isolation amplifier ICs were changed during their 

second tests. All ICs except the resistors and capacitors were changed during 

the second test for the PWM based voltage measurement circuit. TL431 based 

circuit was measured on two different LED card PCBs. The measurements of 

the 3000K and 5000K LED channels were taken only on one LED card. 

The voltage information under 21V is not vital as the maximum PWM duty cycle 

is 100% at voltages lower than 21V. The summary of the voltage measurement 

circuits is stated for 21V to 30V. The linear optocoupler had the worst 

measurement result in IC to IC variation. The maximum error voltage 

percentage increased from 4.87% to 10.99% on the second test. The error 

voltage continued increasing with the increase in the power supply voltage. The 

maximum voltage difference between the measured and actual voltage was 3V 

at 30V supply voltage.  

TL431 based measurement circuit had a maximum 3.22% error at 21V. The 

results showed ± error voltage depending on the LED card. For example, LED 

card 1 and card 2 measured 24.27V and 23.64V respectively at 24V supply 

voltage.  

There are two ways to measure the voltage in the PWM based voltage 

measurement circuit: by measuring the duty cycle of the PWM signal or by 

measuring the analog voltage. The circuit produced a maximum 0.19% and 

1.43% error at 22V on the first ICs set when the analog voltage and duty cycle 
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methods were used respectively. However, on the second ICs set, the analog 

voltage method increased the maximum error percentage to 1.64%, and the 

duty cycle method reduced the maximum error percentage to 0.2%. The 

measurement results suggest that the error shall be around 350mV in either 

method in IC to IC variation. More circuits with ICs of the same models need to 

be tested to acquire more complete characteristics. A further test can be 

performed to see if this method interferes with other signals.  

The isolation amplifier produced the least error among all the isolated DC 

voltage measurement techniques. It had maximum 0.61% error within the full 

power supply voltage range. Most measured values were within 100mV of the 

power supply voltage. 

The LED channels shall be driven by 3kHz PWM signals. However, the program 

for 3kHz PWM signals was not available during the measurements. An Arduino 

generated 732Hz PWM signals were used for the measurements. Both 3000K 

and 5000K LED channels had similar characteristics in switch mode. The 

measured PWM duty cycles were close to the theoretical values at different 

brightness levels. The 3000K LED channel was controllable by the full range 

PWM duty cycle, however, the 5000K LED channel entered the emergency 

mode below 0.78% PWM duty cycle. 

The use of a diode as reverse polarity protection affects the accuracy of both 

the voltage measurement circuit and the LED current because the equations 

depend on the diode voltage drop. The measurement results presented for the 

TL431 based voltage measurement circuit are based on the emergency mode 

operating condition. The measurement accuracy will be affected when the LED 

cards are operated in other conditions. Therefore, it is necessary to employ 

other methods for reverse voltage protection where the voltage drop can be 

neglected.  

This thesis work implemented a PWM based LED driving method as an 

alternative to voltage regulated LED driver ICs. Further work can be carried out 
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to see how this PWM driving method performs against the LED driver ICs in 

terms of efficiency, cost, and PCB space. The software department of the 

company shall develop the program for the microcontroller based on this thesis 

work findings to drive the LED cards. The company shall install the LED cards 

on a tram and observe if this PWM approach would be beneficial. 
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Additional PWM Based Voltage Measurement Results 

The measurements were obtained without U4A buffer. Vx voltage from the 

voltage divider was connected to the non-inverting terminal pin 1 of U1 op-amp. 

Both low pass filters had the same component values with 300kΩ resistors and 

4.7µF capacitors. Other variations of LM324 were used for the low pass filters. 

Table 15 shows the measurement results for the standard and high speed 

optocouplers at 1.27kHz frequency. All other components were the same for 

each test. The measurements were taken by the multimeter.  

Table 15. Comparison between standard and high speed optocoupler result 

Multimeter taken measurements  

Power 
supply 

voltage (V) 

Standard optocoupler 

 

High speed optocoupler 

Converted 
power supply 
voltage (V) 

Error voltage 
(mV) 

Converted 
power supply 
voltage (V) 

Error voltage 
(mV) 

16 15.996 -4.36 15.966 -34.23 

17 17.041 41.06 16.981 18.68 

24 24.240 239.53 24.016 -15.51 

25 25.270 270.02 25.031 -31.06 

29 29.317 317.29 29.004 -3.66 

30 30.333 332.84 30.004 -4.28 

The voltage difference was between 4.36mV and 332.84mV with the standard 

optocoupler. The high speed optocoupler improves the result to less than 

34.23mV difference with the power supply voltage.  

Table 16 shows the result when the circuit was operated at 408Hz with the 

standard optocoupler. The measurements were taken with the multimeter.  

 

.  
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Table 16. Measurement results of the standard optocoupler at 408 Hz 

Multimeter taken measurements 

Power 
supply 

voltage (V) 

Standard optocoupler 

Converted 
power supply 
voltage (V) 

Error voltage 
(mV) 

16 15.861 -138.77 

17 16.877 -123.22 

24 23.927 -72.60 

25 24.941 -58.54 

29 28.959 -41.14 

30 29.974 -25.59 

 

The operation at 408Hz improves the result for the standard optocoupler. Now, 

the voltage difference is between 25.59mV and 138.77mV. However, the 

measured voltage is less than the actual power supply voltage as opposed to 

table 15. 

Then the measurements were taken by the Arduino and for the second ICs set 

as well. Table 17 shows the measurement results at 408Hz.  

Table 17. Comparative result for two ICs sets with the standard optocouplers at 
408Hz 

Measurements taken with multimeter 

Power 
supply 

voltage (V) 

First ICs set 

 

Second ICs set 

Converted 
power supply 
voltage (V) 

Error voltage 
(mV) 

Converted 
power supply 
voltage (V) 

Error voltage 
(mV) 

16 15.801 -198.51 15.607 -392.66 

17 16.787 -212.83 16.593 -406.98 

24 23.762 -238.38 23.687 -313.05 

25 24.807 -192.96 24.658 -342.30 

29 28.839 -160.62 28.690 -309.96 

30 29.885 -115.20 29.586 -413.89 
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The use of Arduino produces more voltage error than the multimeter. There is 

about 100mV more voltage than the measurements taken with the multimeter. 

However, the error voltage difference is about 200mV between the two sets of 

ICs unlike the result seen in tables 5 and 6 in the main report where it was 

about 300mV. 
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