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 In this study, a low-cost quadrature triangle oscillator using a voltage-

controlled closed-loop dual Op-Amp architecture is proposed. Unlike other 

typical designs, this oscillator does not require any passive components. The 

use of an Op-Amp-based circuit is attractive for a triangle oscillator because 

it is more cost-effective than a microcontroller-based solution. This is 

especially true for sinusoidal pulse width modulation (SPWM) DC-AC power 

conversion applications. The slew-rate restriction of an operational amplifier 

(Op-Amp) is a useful characteristic for producing a triangle waveform when 

seen from the perspective of wave shaping techniques. The MC4558 and the 

JRC4558D are two examples of dual Op-Amps that are evaluated, contrasted, 

and described in this article. At supply voltages of +7 V and -7 V, the 

suggested quadrature triangle oscillator that uses Op-Amps MC4558 and 

JRC4558D has the same oscillation frequency, which is 63 kHz, as 

demonstrated by simulation and experimental data. The frequency stability is 

estimated to be around 0.23%. In addition, the findings from the experiment 

demonstrate that the proposed oscillator is a practical solution for the SPWM 

DC-AC power conversion application. 
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1. INTRODUCTION 

A triangular wave generator is a useful circuit for a wide variety of applications. Some application 

examples include a dual-slope A/D converter, a tone generator, a linearity testing signal for an amplifier, a 

signal carrier in sinusoidal pulse width modulation (SPWM) DC-AC power conversion, and induction motor 

controller applications. In recent years, an electronically tunable triangular/square wave generator with IC 

LT1228 was presented for capacitive sensor interfacing applications. However, the generator circuit requires 

two LT1228s, a grounded resistor, and a grounded capacitor to produce triangular and square waves [1]. 

Another square/triangular wave generator circuit was proposed lately using IC AD844 and five passive 

components. The oscillation frequency of the generator can achieve as low as 19.8 Hz and as high as 19.2 kHz 

[2]. In addition, an analog triangular wave quadrature oscillator using four Op-Amps with six resistors and two 

capacitors was suggested a few years ago. The IC TL074 was used to realize this requirement. In this oscillator, 

the passive components provide abilities to control the amplitude and the oscillation frequency [3]-[5]. 

Moreover, a triangular/square-wave generator using three operational trans-conductance amplifiers (OTA) and 

https://creativecommons.org/licenses/by-sa/4.0/
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some passive components to provide current-controllable frequency and amplitude was introduced, but it 

requires excessive components [6]. Additional triangular wave generators based on Op-Amp were reported in 

the literature [7]-[9]. 

For a long time, sinusoidal waveform generators without resistor and capacitor elements, known as 

quadrature oscillators, have been previously reported in the literature [10]-[12]. Op-amp-based oscillator 

designs, including the quadrature oscillators, are studied and discussed in more detail in the previous papers 

[13]-[24]. Also, a relaxation oscillator based on a closed-loop dual comparator with a voltage divider has been 

investigated in recent times [25]. For a long time, a typical triangular wave generator circuit can be built with 

a combination of Op-Amp and comparator, as shown in Figure 1 [26]-[28]. While both triangular wave and 

quadrature triangular wave generators that use Op-Amps have been discussed, the basic configuration of a 

triangular wave generator circuit with dual Op-Amps and no resistors or capacitors is still being researched to 

make a single-chip IC device.  

A conventional triangular wave generator in Figure 1 is composed of a single comparator and a single 

Op-Amp with additional passive components to control the amplitude and the frequency. Essentially, this 

design uses an integrator circuit to shape a triangular waveform from a square waveform. In SPWM DC-AC 

power conversion applications, a triangular waveform is implemented as a carrier signal to be compared with 

a sinusoidal waveform. Therefore, a triangular waveform generation with natural amplitude and oscillation 

frequency that is produced using a voltage-controlled dual Op-Amp without passive elements, as will be 

discussed, is a practical approach and a low-cost solution to accomplish this purpose. 

 

 
Figure 1. Typical triangular wave generator, (a) without voltage divider. (b) with voltage divider, where 

U1=comparator, U2=Op-Amp. 

 

 

2. METHOD 

Figure 2(a) depicts a triangular wave quadrature oscillator with two Op-Amp. According to the 

modeling and experimental data, the slew rate and differential pre-amplifier characteristics of the Op-Amp are 

critical to producing a triangle waveform output. As a result, extra passive components are not required, 

particularly in SPWM DC-AC power conversion applications. The numerical analysis may be obtained using 

the practical model of the Op-Amp depicted in Figure 2(b) as follows: 

 

 
(a) 
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(b) 

 

Figure 2. Triangular wave quadrature oscillator, (a) Proposed circuit, (b) practical model of the proposed 

oscillator with two Op-Amp. 

 

 

 𝐴𝑂2𝑣2 − 𝐼1𝑅𝑜 − 𝐼1𝑅𝑖 = 0 (1) 

 

 −𝐴𝑂1𝑣1 − 𝐼2𝑅𝑜 − 𝐼2𝑅𝑖 = 0 (2) 

 

By substituting 𝐼1 =
𝑣1

𝑅𝑖
 to equation (1) and 𝐼2 =

𝑣2

𝑅𝑖
 to equation (2), we can obtain equations (3) and (4) 

respectively, as follows: 

 

 
𝑣2

𝑣1
=

𝑅𝑜 + 𝑅𝑖

𝐴𝑂2𝑅𝑖
 (3) 

 

 
𝑣2

𝑣1
=

−𝐴𝑂1𝑅𝑖

𝑅𝑜 + 𝑅𝑖
 (4) 

 

Combining equations (3) and (4) gives out the following relation: 

 

 (𝑅𝑜 + 𝑅𝑖)2 = −𝐴𝑂1𝐴𝑂2𝑅𝑖
2 (5) 

 

Assuming op-amp U1 and U2 are identical, we know that 𝐴𝑂1 = 𝐴𝑂2 =
𝐵

𝜔𝑝
 where B is the gain-bandwidth 

product of the Op-Amp and 𝜔𝑝 is the angular frequency in the 3 dB point. Rearranging equation (5) gives out 

equation (6) which shows that the system has two complex conjugate roots on the imaginary axis. Thus, the 

system can be categorized as marginally stable which produces an output response of undamped sinusoidal 

waveforms as illustrated in Figure 3(a). Using the two-pole model of the Op-Amp, the characteristic equation 

of the system can be defined as equation (7). 

 

 
𝜔𝑝2

= ±
𝐵𝑅𝑖

𝑅𝑜 + 𝑅𝑖
𝑗 (6) 

   

 (𝑠 + 
𝐵𝑅𝑖

(𝑅𝑖 + 𝑅𝑜)
𝑗)(𝑠 − 

𝐵𝑅𝑖

(𝑅𝑖 + 𝑅𝑜)
𝑗) = 0 (7) 

  

Despite the output response of the system being sinusoidal, the slew rate limits of the Op-Amp will cause a 

sine wave that has a high enough amplitude and frequency to be distorted into a triangle or trapezoidal wave, 

as can be seen in Figure 3(b). The slew rate of an Op-Amp is dependent on the amplitude of the output signal 

as shown by the relation in equation (8). The higher the amplitude, the lower the oscillation frequency. 

 

 𝑆𝑅 =
𝑓𝑚𝑎𝑥

2𝜋𝑉𝑝𝑝
 (8) 
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(a) 

 

 
(b) 

 

Figure 3. The output response of the system (a) Undamped sinusoidal oscillation as a result of marginally 

stable system (b) Distortion of the sinusoidal oscillation caused by the Op-Amp slew rate limits which form a 

triangular or trapezoidal wave. 

 

 

3. RESULTS AND DISCUSSION 

In this section, the proposed quadrature triangular oscillator is analyzed. The working principle is 

discussed. Also, PSPICE simulation and experimental results are given. 

 

3.1.  Analysis of the Proposed Quadrature Triangular Oscillator 

Based on PSPICE simulations, the transient analysis of the proposed oscillator using Op-Amp 

MC4558 with supply voltages of +7 V and -7 V is shown in Figure 4(a). Figure 4(b) illustrates the working 

principle of the proposed quadrature triangular oscillator circuit and describes four operation modes as follows: 

1. Operation Mode 1: T0 – T1  

In this condition, the non-inverting input of Op-Amp U1 has a higher voltage than the inverting input 

because the voltage at the inverting input becomes negative. As a result, the output voltage Vb of the Op-

Amp U1 changes from negative to positive due to the differential nature of the Op-Amp.   

2. Operation Mode 2: T1 – T2  

During this period, the output Vb continues to increase linearly due to the slew rate characteristic of the 

Op-Amp U1. Therefore, the non-inverting input of Op-Amp U2 has a higher voltage compared to the 

inverting input. Consequently, the output voltage Va of Op-Amp U2 changes from negative to positive 

due to the differential attribute of the Op-Amp. Between interval T0 – T2, the slew rate of the Op-Amp 

can be calculated as V/t. 

3. Operation Mode 3: T2 – T3  

During this interval, the output voltage Va continues to increase linearly due to the slew rate characteristic 

of the Op-Amp U2. Because the output Va is routed back to the inverting input of Op-Amp U1, then the 

inverting input has a higher voltage compared to the non-inverting input of Op-Amp U1. Accordingly, the 

output voltage Vb of the Op-Amp U1 changes from positive to negative due to the differential 

characteristic of the Op-Amp. 

4. Operation Mode 4: T3 – T4  

In this operation mode, the output voltage Vb continues to decrease linearly due to the slew rate 

characteristic of the Op-Amp U1. As a consequence, the inverting input of Op-Amp U2 has a higher 

voltage than the non-inverting input. Hence, the output voltage Va changes from positive to negative due 

to the differential pre-amplifier of the Op-Amp. At T = T4, the cycle is repeated continuously due to a 

closed-loop system. 
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(a) 

 

(b) 

Figure 4. Triangular waveforms with a quadrature characteristic, (a) Simulation results show the transient 

response analysis of the proposed oscillator. (b) The working principle in four operation modes. 

 

As revealed in Figure 5, the experimental result confirms that the proposed triangular wave oscillator 

provides a quadrature phenomenon. However, unlike the simulation result, the voltage amplitudes Vb and Va 

according to the experimental result are about +4.4 V and -4.4 V peak to peak. It is because the experimental 

result uses supply voltages of +6 V and -6 V. Moreover, the measured natural oscillation frequency of the 

triangular waveform created by this Op-Amp is 76 kHz. It is higher compared to the simulation result (63 kHz). 
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Table 1 shows how the simulation and experiment results relate to the parameters and values of the proposed 

triangular wave quadrature oscillator.  

 

Table 1. The parameter and value of Figure 3 based on Figure 2(a) 
Parameter Value of Figure 

3(a) 
Value of Figure 

3(b) 
Value of Figure 

3(c) 

U1, U2 MC4558 MC4558 JRC4558D 

+Vcc +7 V +15 V +6 V 

-Vcc -7 V -15 V -6 V 

 

Based on the experimental results, as shown in Figure 5, Figure 6, and Figure 8, the higher the supply 

voltages, the lower the oscillation frequency obtained at the output of the Op-Amp. In fact, the supply voltages 

also influence the oscillation frequency and wave shaping. Therefore, the proposed oscillator circuit can be 

viewed as a voltage-controlled oscillator. The supply voltage can transform the output signal from a triangular 

into a trapezoidal waveform or from a trapezoidal into a triangular waveform. The phenomena depend on the 

supply voltages, the slew rate, and other characteristics of the Op-Amp. In the case of the supply voltages +7 

V and –7 V, as shown by simulation and measurement results in Figure 6, the Op-Amps MC4558 and 

JRC4558D have a similar oscillation frequency. It is necessary to select the right Op-Amp characteristics using 

the proposed oscillator circuit to shape the determined waveform. For example, if the high slew rate Op-Amp 

is selected, then the generated waveform could be a square wave quadrature or a sinusoidal wave quadrature. 

Figure 7 depicts the frequency spectrum of the quadrature triangular oscillator based on Figure 2(a). 

 

 

Figure 5. Experimental result of the proposed triangular wave quadrature oscillator circuit using dual Op-

Amp JRC4558D. 
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Figure 6. Simulation and measurement results of the oscillation frequency in relation to the supply voltages 

using Op-Amps MC4558 and JRC4558D. 
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Figure 7. Fourier spectrum of quadrature triangular waveform based on Figure 2(a). The harmonics of Va and 

Vb triangular waves are odd multiples of the fundamental frequency. 

 

The JRC4558D operational amplifier can produce a triangular wave quadrature oscillator and has a 

slew rate of around 1.2 V/us, as shown in Figure 5. In terms of integrated circuit layout design, more specifically 

in CMOS technology, the suggested triangular wave quadrature oscillator does not require any external 

resistors or capacitors; as a result, it only needs a very little amount of space on the chip itself. In ultra-low-

power applications, such as body sensor networks in biomedicine or temperature sensors for Internet of Things 

(IoT) applications, this distinction is also quite important. A high-impedance input is one of the benefits offered 

by the proposed oscillator. This feature makes it possible to use a resistive component with a range of Mega-

ohms when the oscillator is put to use in specialized resistive sensing applications.  

 

3.2.  Implementation of the Proposed Triangular Oscillator for SPWM DC-AC Converters 

Sinusoidal pulse width modulation (SPWM) is the technique that is utilized most frequently in power 

electronics technology to accomplish the transformation of direct current (DC) voltage into alternating current 

(AC) voltage [29]-[31]. Figure 9 provides a simulation result of the SPWM approach, which makes use of a 

comparator to generate the SPWM signal and a proposed triangular wave quadrature oscillator as a reference 

signal for the technique. Generally, the SPWM signal is coupled to a gate driver in the case of single-phase 

DC-AC power conversion applications. This allows the signal to turn on and off semiconductor devices like 

MOSFETs and IGBTs. Table 2 describes the parameters and the value of Figure 8.  

 

 

Figure 8. Implementation of the proposed triangular wave quadrature oscillator for SPWM DC-AC power 

conversion application 
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(a) 

 

 
(b) 

 

Figure 9. Simulation result of the proposed SPWM controller based on Figure 8. (a) Using Op-Amp 

MC4558. (b) The output at Vz. 

 

 

                                     Table 2. The parameter and value of Figure 8 
Parameter Value  

U1, U2 JRC4558 

U3 MAX942 
+Vcc +5 V 

-Vcc -5 V 

+V +5 V 
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Figure 10 demonstrates the experimental results carried out with the operational amplifiers JRC4558D 

and NE5532P. It is possible to generate the SPWM signal 63 kHz using Op-Amp JRC4558D with supply 

voltages +7V and -7V. The slew rate for the Op-Amp JRC4558D is 1 V/us, as stated in the datasheet for this 

component. On the other hand, the slew rate of this Op-Amp is 8.4 V/7 us, which equals 1.2 V/us, according 

to the results of several experiments. In addition, the slew rate is stated to be 9 V/us in the datasheet that comes 

packaged with the NE5532P. On the other hand, the slew rate is measured and calculated to be 8.5 V/4us, 

which equals 2.2 V/us, according to the findings of the experiments.  

 

4 V 5 V 6 V 7 V

JRC4558D 128 94 76 63

NE5532P 184 140 115 96
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Figure 10. Triangular oscillation frequency performance in relation to the supply voltages based on the 

experimental results using Op-Amps JRC4558D and NE5532P. 

 

Figure 11 depicts the experimental performance of the triangle oscillation frequency in response to 

the supply voltages. It is important to note that the proposed voltage-controlled triangular wave quadrature 

oscillator with a closed-loop dual Op-Amp design can be utilized to quickly verify the real performance of the 

Op-Amp, in particular the slew rate and the waveform generating properties. It is reasonable to suppose that 

the IC manufacturer has some influence over the performance of the operational amplifier (Op-Amp). 

 

 
(a) 
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(b) 

 

Figure 11. Experimental result of the proposed oscillator circuit for SPWM DC-AC converter applications. 

(a) Triangular wave as a carrier signal and sinusoidal wave as a reference signal at the input MAX942. (b) 

The SPWM signal at the output Vz for DC-AC converter applications. 

 

 

The experimental result of a triangular wave as a carrier signal produced by using JRC4558D based 

on the proposed oscillator circuit is displayed in Figure 12(a). Also, a part of a sinusoidal wave as a reference 

signal is displayed in green color, both of which are connected to the inverting and non-inverting inputs of the 

comparator MAX942. Figure 12(b) is a demonstration of the practical SPWM signal that is based on the 

proposed oscillator circuit for applications involving DC-AC power conversion.  

 

 
(a) 
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(b) 

 

Figure 12. Experimental results. (a)  Actual triangular and sinusoidal inputs at comparator MAX942. (b) The 

sinusoidal reference is in green color and the SPWM signal is in yellow at the output of MAX942. 

 

 

The frequency stability measured with Allan deviation is 190 Hz in an oscillation frequency of 82.44 

kHz while utilizing the MC4558 with supply voltages of +5 V and -5 V. These results are based on the 

outcomes of the PSPICE simulation, with observing the frequency variation throughout a period of 20 

milliseconds as depicted in Figure 13. Overall, the suggested triangular wave quadrature oscillator can sustain 

a frequency deviation of around 0.23%.  

 

 
Figure 13. Frequency stability measurement of the proposed triangular wave quadrature oscillator based on 

simulation result with Op-Amp MC4558 PSPICE model. 

 

 

4. CONCLUSION 

A triangular wave quadrature oscillator with no passive components for DC-AC power conversion 

applications was proposed. The proposed oscillator is beneficial for testing and comparing the linearity 

characteristics of Op-Amps. The simulation and practical results show that the suggested quadrature triangle 
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oscillator using Op-Amps MC4558 and JRC4558D has a similar oscillation frequency at supply voltages of +7 

V and -7 V. Furthermore, the proposed circuit has the capability of adjusting the oscillation frequency in 

response to changes in supply voltages, hence it is a Voltage-Controlled Oscillator (VCO) [32]. The frequency 

stability of the proposed oscillator circuit with Op-Amp MC4558 was demonstrated by PSPICE simulation 

results of approximately 0.23% in 20 ms of observation time. Experiment findings confirmed the 

implementation of the suggested triangular wave quadrature oscillator circuit for SPWM DC-AC converter 

applications, particularly for the Multi-Function CNC Machine power supply in relation to the project. It is 

evident that the suggested oscillator has fewer components than today's triangle waveform generators. As a 

result, higher efficiency, smaller area, and lower cost can be accomplished, and production capability is 

improved. The proposed quadrature triangular oscillator has the potential for monolithic IC device and low-

power applications because it does not contain any passive components. Other waveform creations, such as 

square-wave, trapezoidal, sinusoidal, and sawtooth waveforms, should be researched further in future studies 

in relation to the suggested voltage-controlled closed-loop dual Op-Amp arrangement and its applications for 

DC-AC power conversion. 
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