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Ch-10    Pulse Width Modulation  
 

10.1  Introduction   

(1)  "Pulse Width Modulated" signal (PWM) is a rectangular signal (Fig-10.1); where, the frequency is 

usually fixed; but, the ON-time (the Pulse Width or duty cycle) changes in proportional to an 

"error/feedback/input" signal. As a result, there is a change in the average value of the PWM signal. This 

PWM signal can be used to regulate the speed of an industrial motor, supply of a heating coil, brightness 

of musical LEDs etc.  

 

 

 

 

 

 

 

 

 

Figure-10.1: Example of a typical 50 Hz PWM signal. 

 

(2)  The ATmega328P MCU of the UNO Board supports the generation of PWM signals of different 

frequencies at the indicated DPins of the following diagram (Fig-10.2).  

 

 

 

 

 

 

 

 

 
 
 

Figure-10.2: 

 

(3)  Arduino Development Team has provided this function: analogWrite(arg1, arg2); with the Arduino 

IDE to generate "fixed frequency changeable On-time" PWM signals at the indicated DPins of Fig-10.2. 
 

(4)  TC0/TCNT0 Module automatically generates 980 Hz PWM signals at DPin-6/5 when the following 

code is executed. s 
 

analogWrite(arg1, arg2);  // 

==> analogWrite(DPin, 8-bitData);   //8-bitData = 0x00 - 0xFF (0 to 255) = (0% - 100%) pulse width  

==> analogWrite(6, 127);    //980 Hz signal with 50% duty cycle (On-time) will be at DPin-6 
 

(5)  TC1/TCNT1 Module automatically generates 490 Hz PWM signals at DPin-9/10 when the following 

code is executed.  
 

 

analogWrite(arg1, arg2);  // 

==> analogWrite(DPin, 8-bitData);   //8-bitData = 0x00 - 0xFF (0 to 255) = (0% - 100%) pulse width  

==> analogWrite(9, 127);    //490 Hz signal with 50% duty cycle (On-time) will be at DPin-9 
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(6)  TC2/TCNT2 Module automatically generates 490 Hz PWM signals at DPin-3/11 when the following 

codes are executed.  
 

analogWrite(arg1, arg2);  // 

==> analogWrite(DPin, 8-bitData);   //8-bitData = 0x00 - 0xFF (0 to 255) = (0% - 100%) pulse width  

==> analogWrite(3, 127);    //490 Hz signal with 50% duty cycle (On-time) will be at DPin-3 
 

(7)  TC0, TC1, and TC2 Modules can be programmed by to generate "high frequency and high resolution" 

PWM signals at the indicated DPins of Fig-2, which we will study in Section-10.2. High Resolution refers 

minimum amount of "time" by which the "On-time" of the PWM signal could be increased. 

 

10.2  Programing of TCNT2 Module based high frequency (say: 62.5 kHz) PWM signal 

High frequency PWM signals are well suited for power regulation, rectification etc. When using high 

frequency chopping for the inverters, the component size for the filter design are relatively smaller and 

thus there is a good reduction in system cost. 

 

(1)  Fig-10.3 presents the PWM hardware for the TCNT2 at conceptual level. We will frequently refer to 

this diagram during the design phase of the PWM signal in Step-3.     

 

 

 

 

 

 

 

 

 

 

 
 

Figure-10.3: PWM hardware of TCNT2 at conceptual level 

 

(2)  Fig-10.4 depicts various wave-forms related with the synthesis of high frequency PWM signal using 

channel-A of TCNT2. We will refer to this diagram during the design of the PWM signal in Step-3.     

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

Figure-10.4: PWM related wave-forms for TCNT2 for Mode-3 operation 
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(3)  Let us gather design related data through questions and answers: 

a.  How many wave forms are there in Fig-10.4? Which one is the PWM signal? Ans:  5, waveform-4/5. 

b.  What is the symbolic name of the period of the PWM signal of Fig-10.4? Ans: T. 

c.  At which DPin of Fig-10.3, the PWM signal of Fig-10.4 will appear? Ans:  11.  

d.  Which switch of Fig-10.3 should remain closed for the PWM signal to move towards external DPin-11? 

 Ans:  S3. 

e.  Which gate in Fig-10.3 should be at closed condition so that the PWM signal will really appear on 

DPin-11?  Ans:   

f.  How many clkTC2 pulses would be counted by TCNT2 of Fig-10.3 upto the point of over-flow? Ans: 

 256. 

g.  Assume clkTC2 is 16 MHz (fOSC). How much is T in Fig-10.4? Ans:  16 us. 

h.  What is the frequency of the PWM signal of Fig-10.4? Ans: 62500 Hz. 

i.  Given: fOSC = 16 MHz; N = TC2 Prescaler division factor. Find equation for the frequency (fOC2A) of 

PWM signal of Fig-10.4 in terms of fOSC and N.  
 

Ans:    

FOC2A = 1/T = 1/(time to count 256 clkTC2 pulses)  //clkcTC2 = 16 MHz/1 = 16 MHz 

==> fOC2A = 1/timeDelay. 

==> timeDelay = (1/16000000)*256  

==> timeDelay = (1/(clkTC2)*256) = 256/(fOSC/N) = (N*256)/fOSC 

==> fOC2A = 1/timeDelay = fOSC/N*256 
 

j.  We wish to set the ON-period of the PWM signal at 4 us. How many clkTC2 pulses should be counted 

by TCNT2 before the logic level of PWM signal at DPin-11 drops to LOW level? At what point of the line 

"P-Q-Q1-R-S", will the PWM signal be dropping to logic LOW? (Assume: TC2 Prescaler division factor, N 

= 1).  Ans:  64, Q. 
 

k. Assume that the event of Step-10 has happened, and now the logic level of PWM signal at DPin-11 

must go back to HIGH level again to complete the cycle/period of the PWM signal. AT what point of Fig-

10.4 (along the line of P-Q-Q1-R-S) should it happen? Ans:  point-R.     
 

l.  What is the resolution of the PWM signal of Fig-10.4? (Resolution refers to the minimum amount of 

time by which the ON_period of the PWM signal could be increased.) [b]Ans:[/b] 0.0625 us. This is the 

time required to count 1-pulse of clkTC2 which is 16 MHz. 
 

m.  Which "logic gate" of Fig-10.3 should remain closed for the PWM signal to appear on DPin-11?  
 

n.  To change ON-time of the PWM signal of Fig-10.4, write down the name of the point (P, Q, Q1, R, S, ?) 

which will change its position along "P-Q-Q1-R-S" line. Ans: point-Q 
 

o.  How is the Q-point along the counting up line "P-Q-Q1-R-S" of TCNT2 determined?  

Ans:  TCNT2 begins counting along the line "P-Q-Q1-R-S" and when its content matches (becomes equal) 

with the content of OCR2A Register, the PWM signal drops to LOW level. If we have initially kept 32 

(0x20) into the OCR2A register, the Q-point will appear after 2 us. This means that the ON-time of the 

PWM is 2 us. After that the TCNT2 keeps counting up and when it reaches at "total count", the PWM 

signal comes back to HIGH level.  
 

p.  Write symbolic name and full name of the register with which the current content of TCNT2 Register 

should be compared so that when a match occurs (the contents of these two registers: TCNT2 and ? are 

equal), the logic level of DPin-11 will drop form HIGH to LOW. Ans: OCR2A, "Output Compare Register 

of TC2 for Channel-A". 
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q.  Look at Fig-10.3 and tell the name of the register whose content regulates the duty cycle of the PWM 

signal of Fig-10.4 [b]Ans:[/b]  OCR2A. 
 

r.  The PWM signal of Fig-10.4 is known as SSFPWM signal -- "Single Slope (SS)" "Fast (Fast changing = 

high frequency = 62.50 kHz)", "PWM" signal. Present the names of the registers which when 

initialized/configured correctly, the PWM signal of Fig-10.4 appears on DPin-11 of Fig-10.3. 

Ans:  TCCR2A, TCCR2B, and OCR2A. 
 

s.  Look at waveform-3 of Fig-10.4 and then tell/write the name of the flag that will assume HIGH when 

PWM signal goes to LOW at point-Q along the P-R-S line of waveform-1. Ans:  OCF2A (Output Compare 

Flag for Channel-A of TC2).  
 

t.  Look at waveform-2 of Fig-10.4 and then tell/write the name of the flag that will assume HIGH when 

TC2 finishes "total count". At what point the over-flow event does happen along the P-R-S line which 

results in bringing back the PWM line at HIGH level and thus completes the cycle? Ans:  TOV2 (TC2 

Over-flow flag), R.  
 

(4)  Summary of the working principle of Fig-10.3 and Fig-10.4 

a.  In Fig-10.4, waveform-4 shows the PWM signal whose period is [b]T[/b] = 16 us and the 

corresponding frequency is 1/T = 62500 Hz = 62.5 kHz based on clkTC2 = 16 MHz. 
 

b.  PWM2A of Fig-10.3 is the "PWM Signal Generator for Channel-A". It becomes enabled when "Mode-3 

Operation Mode" is selected by putting "0, 1, 1" into "WGM22, WGM21, WGM20" bits of TCCR2A and 

TCCR2B registers. 
 

c.  The PWM signal begins with HIGH level (non-inverting mode) and remains HIGH until the counts of 

TCNT2 arrives at point-Q (waveform-1 of Fig-10.4) where the contents of TCNT2 and OCR2A register are 

equal. The "electronics logic" of the "PWM Circuit" inside the MCU is arranged in such a way so that 

when the said equality happens, the logic level of PWM signal drops from HIGH-to-LOW. Here, we 

observe that by changing the content of OCR2A register, we can shift the position of point-Q and hence 

change the ON-time (duty cycle) of the PWM signal. 
 

Calculation:   

Let us choose clkTC2 (Fig-10.3) at 16 MHz with "TC2 Prescaler' set at /1 (divider 1). 
 

(4)  Initializing relevant registers to produce 62500 Hz (62.5 kHz) PWM signal at DPin-11 of Fig-10.3. 

(a)  Initially, the PWM signal (OC2A signal) at DPin-11 will be at HIGH level (non-inverting mode). 

When match occurs (contents of OCR2A and TCNT2 become equal), PWM signal will become LOW 

(OC2A signal is clear). PWM signal (OC2A signal) will assume HIGH level again when TCNT2 reaches at 

BOTTOM count (0x00) at point-R of Fig-10.4. All these events will happen when "1 and 0" are stored in 

"COM2A1 and COM2A0" bits of TCCR2A Register (Fig-10.5). 

 

 

 

 
 
 

 

Figure-10.5: Bit layout of TCCR2A register 

 
bitSet(TCCR2A, COM2A1); 

bitSet(TCCR2A, COM2A0);  
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(b)  It is desired that the ON-time (pulse width) of the PWM signal would be regulated by the content of 

OCR2A Register. The content of the OCR2A register is termed as the "TOP" value with which the content 

of TCNT2 would be continuously compared. When match occurs (contents of OCR2A and TCNT2 

become equal), PWM signal will become LOW (OC2A signal is clear). PWM signal (OC2A signal) will 

assume HIGH level again when TCNT2 reaches at BOTTOM count (0x00) at point-R of Fig-10.4. This is 

known as Mode-3 Fast PWM mode operation to initialize which, the WGM bits (WGM22, WGM21, 

WGM20 = 0, 1, 1) of the TCCR2A (Fig-10.5) and TCCR2B (Fig-10.6) are used. 

 

 

 

 

 

 

 

Figure-10.6: 

 
bitSet(TCCR2A, WGM20); 

bitSet(TCCR2A, WGM21);  

bitClear(TCCR2B, WGM22; 

 

 

 

 

 

 

 

 

 

 

 

 

 

(5)  The Sketch (62.5 kHz PWM; duty cycle increases by 1 us in every 4-second; tested) 
void setup() 

{ 

   //---L1: Our desired PWM signal (waveform-4 of Fig-10.4) will appear on DPun-11 of Fig-10.3. So, the  

    //---direction of DPin-11 must be made output. This is done by the following code: 

    pinMode(11, OUTPUT);   

     

    //---L2: Our desire PWM signal starts with HIGH state -- it is "non-inverting" mode. To do it,  

    //---we put 1, 0 into the COM2A1, COM2A0 bits of TCCR2A Register of Fig-10.5. the codes are:   

    bistSet(TCCR2A, COM2A1);   

    bitClear(TCCR2A, COM2A0); 

 

    //---L3: To get our desired PWM signal (waveform-4 of Fig-10.4), we must activate Mode-3 operation  

    //---for Ch-A. This is done but putting 0, 1, 1 into WGM22, WGM21, WGM20 bits of TCCR2B and  

    //---TCCR2A Registers. The codes are: 

    bitClear(TCCR2A, WGM22); //select Mode-3 fast PWM using WGM bits of TCCR2A/TCCR2B Reg. 

    bitSet(TCCR2A, WGM21); 

    bitSet(CCR2A, WGM20); 

  

    //---L4: Let us set the intial ON-time (duty cycle of PWM) at 25% (4 us). This is done by putting some  

    //---"quantity"  into 8-bit OCR2A Register (see waveform-1 of Fig-10.4). (T = 1/62500 = 16 us). What  

    //---is value of this "quantity"?The OCR2A register can hold 0 to 255 for 0% tp 100% duty cycle.  

    //---Therefore, we have to store 255/4 = 64 into OCR2A register. The code is: 
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    OCR2A = 64;     //timeDelay for 64 counts is: (16/256)*64 = 4 us) 

     

    //---L5: We want 62.5 kHZ repetitions for our PWM signal. To do it, we put 0, 0, 1 into CS22, CS21,  

    //---CS20 bits of TCCR2B Register. The codes are: (When these bits are loaded, the TC2 starts and  

    //---PWM signal appears on DPin-11.) 

    bitClear(TCCR2B, CS22); //Start TCNT2 with 16 MHz; do it using TCCR2B Register 

    bitClear(TCCR2B, CS21); 

    bitSet(TCCR2B, CS20); 

 

    //---L6: Connect oscilloscope at DPin-11 and observe the PWM signals as depicted in Fig-10.7.  

} 

 

void loop() 

{ 

    //---Write codes to sense motor speed and then put new value into OCR2A regsiter to get new duty  

    //---cycle of the PWM signal. This will help to bring the motor speed at the desired level.  

} 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

10.3  Questions and Answers 
1.  Write sketch to accomplish the followings with reference to Fig-10.3: 

(1)  To generate 490 Hz PWM signal at DPin-3. 

(2)  The brightness of  LED1 will be gradually changing as we gradually rotate/turn the pot (potentiometer) 

connected at  Ch0 of the ADC via A0-pin. 

 

 

 

 

 

 

 

 

 
 

 
 

 

Figure-10.10: Application of a PWM signal 
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(3)  [b]Analysis:[/b] 

(a)  Write the code that will impress 490 Hz PWM signal on DPin-3. 

[code]analogWrite(3, arg8);    //arg8 = 8-bit argument = 0 to 255[/code] 

(b)  arg8 of Step-(a) should be the value of ADC output. 

[code]unsigned int ADCOutput = analogRead(A0);  //ADCOutput = 0 - 1023[/code] 

(c)  arg8 of Step-(a) is 8-bit (0 to 255); but ADCoutput is 10-bit (0 to 1023). Therefore, arg8 can not be directly replaced 

by ADCOutput; the value of ADCOutput must be compressed/mapped into 0 to 255 using the following map() 

functin: 

[code]byte compressedValue = map(ADCOutput, 0, 1023, 0, 255);//variable, variable range, desired range 

arg8 = compressedValue;[/code] 

(d)  Now, we have the following code which should be executed to impress PWM signal on Din-3. The duty cycle 

(ON-time) of the PWM will change as the pot value changes. 

[code]analogWrite(3, arg8);   //arg8 holds the compressed value of pot 

==> analogWrite(3, compressedValue); 

==> analogWrite(3, map(ADCOut, 0, 1023, 0, 255)); 

==> analogWrite(3, map(analogRead(A0), 0, 1023, 0, 255)); 

==> analogWrite(3, (map(analogRead(A0), 0, 1023, 0, 255)));[/code] 

(4)  [b]The Sketch:[/b] 

[code]void setup() 

{ 

     Serial.begin(9600); 

     //pinMode(3, OUTPUT);    //no need; DPin-3 becomes output when analogWrite() is excuted 

     analogReference(DEFAULT);   //Vref-point voltage of ADC is 5V 

} 

 

void loop() 

{ 

    unsigned ADCOut = analogRead(A0);  //read pot voltage and get digital value in ADCOut 

    byte compressedValue = map(ADCOut, 0, 1023, 0, 255);   //ADCOut value is compressed 

    byte arg8 = compressedValue; 

    ananlogWrite(3, arg8);      //  

}[/code] 

 

(5)  Slowly and steadily turn pot CW-CCW; observe that brightness of LED1 of Fig-10.3 changes/modulates.  

 

(6)  The 4-line codes of the above loop() function can be replaced by the following single line code: 

[code]analogWrite(3, (map(analogRead(A0), 0, 1023, 0, 255)));[/code] 

[b]2.[/b]   

 

 

[img]https://forum.arduino.cc/index.php?action=dlattach;topic=693409.0;attach=371214[/img] 

 

...to be continued. 


