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ABSTRACT. In many industrial applications such as motors, robots, and inverters, a
digital pulse width modulation (DPWM) device is an important component. However,
for extending its resolution, the conventional counter-based DPWDM requires a higher ref-
erence clock frequency in proportion to its resolution bits. This paper proposes a DPWM
device that uses a cyclic self-trigger of a monostable multivibrator to extend its resolution
without increasing the reference clock frequency. Moreover, it maintains a low hardware
complexity similar to the conventional counter-based DPWM.
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1. Introduction. For achieving better power control in many control systems, pulse
width modulation (PWM) is an important technology to control the average output volt-
age by adjusting its duty cycle [1]. The use of digitalized control can improve the cost and
performance of a system; therefore, the digital PWM (DPWM) scheme is widely applied
to motors, inverters [5,6], and DC-DC converters [7,8]. Increase in the resolution of a
DPWM can result in precise output regulation and reduce unnecessary quantization error
3], however, a counter-based DPWM requires a reference clock frequency in proportion
to its resolution, and thus, the increase in clock frequency may incur more dynamic power
consumption and noise interference when a high resolution is set. For example, an 8-bit
counter-based DPWM has a PWM pulse with an output frequency of 1 MHz, and it re-
quires a reference clock frequency of up to 256 MHz. In this paper, a new DPWM device
using a self-trigger based on a one-shot circuit is proposed to extend its resolution. The
proposed DPWM does not require a high clock frequency to achieve the same resolution
as a conventional counter-based DPWM. Furthermore, it only adds a reasonable hard-
ware complexity when extending the resolution as compared to the delay-line DPWM
described in the next section.

2. DPWM Schemes. Nowadays there are two main types of DPWM, which are imple-
mented by counter and delay-line, respectively. For less hardware complexity and clock
frequency, even both are combined as a hybrid DPWM [4]. The following sub-sections
will introduce these two basic DPWM schemes.
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2.1. Counter-Based DPWM. The counter-based DPWM, which is the simplest dig-
ital PWM scheme, can be easily implemented using an n-bit counter, an n-bit digital
comparator, and an SR flip-flop as shown in Fig. 1 [2], where the comparing value of
the digital comparator can be set by the digital setting code K. Initially, the counter
value is zero and the output (Q) of the SR flip-flop is “Lo”. Each positive transit of
the reference clock will make the counter counts, which is similar to the ramp generation
behavior of an analog PWM. Once the OV signal indicating the increment overflow of the
counter appears, it will immediately turn the output of the SR flip-flop to “Hi”. When
the value of the counter equals to K, the output (A=B) of the comparator will reset the
SR flip-flop, and it remains at the low state until the next overflow occurs. Therefore,
a modulated pulse width corresponding to K will be generated from the output of the
SR flip-flop. In fact, the SR flip-flop also can be removed, and the PWM output can
still be achieved directly from the other output (A<B) of the comparator. For a given
PWM output frequency fpwas, an n-bit counter-based DPWM requires a reference clock
frequency of forx = 2" X fpwa, thus, the duty cycle D of the counter-based DPWM is
given as follows [9]:
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(1)

where Tk represents the ON duration of the PWM pulse and varies from 0 to 2" — 1
clocks by adjusting the K value. When the counter-based DPWM tries to extend its
resolution, the frequency of the reference clock will significantly increase [9]. Therefore,
this DPWM scheme is not suitable for implementations with high resolution.
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FIGURE 1. Basic structure of a counter-based DPWM

2.2. Delay-Line DPWM. An alternative DPWM scheme shown in Fig. 2, delay-line
DPWM (3, 4], is one of the most commonly used approaches to avoid using a high-
frequency clock that is required for the conventional counter-based DPWM. It consists
of a cascade of delay cells, a large-scale multiplexer, and an SR flip-flop. Each delay cell
produces a short delay time depending on the reference clock time and the number of delay
cells. When the clock enters into the tapped delay line, the SR flip-flop is set to “Hi”. By
the selection of an n-bit setting code, the desired delay signal appears at the output of a 2"
to 1 multiplexer, and then the SR flip-flop is reset until the next clock enters the delay line
again. Therefore, a modulated pulse width can be generated from the output of the SR
flip-flop. Due to a mismatch in delay cells caused by process/temperature variations, the
linearity of the delay-line DPWM may be affected. For better performance and linearity,
the delay-line DPWM requires more number of hardware components, thus resulting in
the device occupying a larger area [3, 4].
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FIGURE 2. Basic structure of a delay-line DPWM

3. Proposed DPWM Using a Self-Trigger. For extending the resolution of the con-
ventional counter-based DPWM, a new approach, namely a self-trigger based on a one-
shot circuit, is used to increase the resolution of a DPWM without a high-frequency ref-
erence clock and much hardware complexity. The design details of the proposed DPWM
are described in the following sub-sections.
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FI1GURE 3. Architecture of the proposed DPWM

3.1. Circuit Architecture. The architecture of the proposed DPWM, shown in Fig. 3
[10], consists of a down counter with a preset, a monostable multivibrator (one shot) with
positive-edge and negative-edge triggers, a D flip-flop, and some buffers. The setting code
K can be automatically loaded into the down counter when it generates a ripple clock
output each time. The clock to the down counter is generated by the one shot using the
self-trigger method. The pulse width generated from the one shot depends on its external
resistor and capacitor. In addition, several buffers are used to achieve the appropriate
circuit delay time for avoiding unnecessary glitches.

3.2. Principle and Operation. At the initial state, the down counter presets its content
by loading the setting code (K'), and the output of the D flip-flop is set to “Lo”. If K is set
to zero, the ripple clock output (/RCO) of the down counter always clears the D flip-flop,
and thus, no PWM output is produced. When the reference clock (forx = fpwar) enters
into the D flip-flop at K # 0, its output becomes “Hi” immediately. Simultaneously, the
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other complementary output will trigger the one shot to generate a pulse with time ¢,
connected to the clock input of the down counter, and the one shot feedbacks its other
output (/Q) to the positive-edge trigger input. After a delay time (¢4) of the one shot,
one pulse is generated again by itself; therefore, the one shot will commence continuous
self-triggers as shown in Fig. 4 [10]. Meanwhile, the down counter counts down from the
K value at each triggered pulse. When the down counter reaches zero, its /RCO output
will clear the D flip-flop and re-load the K value into the counter, thereby the self-trigger
operation of the one shot is stopped. During this period, the output of the D flip-flop
remains at the “Lo” state until the next transition of the reference clock occurs. Therefore,
via such a repeated operation, the PWM output modulated by K can be generated from
the output of the D flip-flop without increasing the frequency of the reference clock.

According to the concept of an n-bit counter-based DPWM, the period time of the
PWM output Tpryws is given by 2" x Tepg. If an n-bit resolution exists in one period
time of the PWM for the proposed DPWM, the generated pulse width plus the component
delay would be as follows:

tp + td = TCLK (2)
Therefore, for a given PWM frequency and resolution, the pulse time ¢, is found as:

TPWM
P = on - td (3>
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FIGURE 4. Self-trigger operation of one shot

3.3. Benefits and Overheads. By using a self-trigger of the one shot, the main con-
tribution of the proposed DPWM scheme is to avoid using a high-frequency clock while
seeking high resolution, therefore, the unnecessary power consumption and noise interfer-
ence caused by high-frequency switching can be reduced. Compared with the frequently
used delay-line DPWM, which has a large hardware requirement for satisfying high reso-
lution and improving the linearity and performance of delay cells, the proposed DPWM
has a lower hardware complexity, even with the addition of a one shot and several buffers.

Due to the use of an RC-based one shot in the proposed DPWM, capacitance error
may affect precision of the duty cycle. Furthermore, the propagation delay of the one
shot may limit the generated PWM frequency under an expected bit resolution, or may
reduce its resolution for a given PWM frequency. However, this problem can be improved
if an integrated circuit (IC) is used to replace discrete components in the implementation
of the proposed DPWM.
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FiGure 5. Circuit prototype of the proposed 4-bit DPWM

4. Experimental Results. To verify the operation of the proposed DPWM, we used
discrete logical devices such as the 74HC191 (down counter), the 74HC74 (D flip-flop),
and the 74HC123 (one shot) to construct a 4-bit DPWM, shown in Fig. 5. For a given
PWM output of 100 KHz, the RC time constant of the one shot was selected to achieve
a minimum pulse width of 625 ns for a 4-bit resolution according to Eq. 3. Furthermore,
we attempted to adjust the value of K from 0 to 15 to obtain different duty cycle rates for
our proposed DPWM and the conventional counter-based DPWM, where the reference
clock frequency of the conventional counter-based DPWM must be increased to 1.6 MHz
for a 4-bit resolution. Table 1 shows that the duty cycle rates of both DPWM schemes at
the same K value were similar to the ideal values. Fig. 6(a) and 6(b) show the measured
waves captured by the 4-CH storage oscilloscope for the proposed DPWM at K =1 and at
K = 15, respectively. In Fig. 6, the waves from top to bottom separately indicate: fopk,
CLK, CLR, and PWM Output, and we find that the number of clocks (CLK) resulted
from self-trigger and delivered to the down counter is decided by K, and the CLR signal
from /RCO of the down counter will occur at the last clock.
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FIGURE 6. Measured waveforms at =1 and K=15

5. Conclusions. A new DPWM device using a self-trigger is proposed to extend the res-
olution of the original counter-based DPWM while maintaining the same clock frequency.
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TABLE 1. Duty cycle rates at different K values

Counter-Based .
h Type Ideal DPWM DPWM Proposed DPWM

(feux= 1.6 MHZ) | (ferx= 100 KHz)
K=0 0 0 0
K=1 0.0625 0.0623 0.0631
K=2 0.125 0.1249 0.1263
K=3 0.1875 0.1876 0.1883
K=4 0.25 0.2503 0.2511
K=>5 03125 03128 03127
K=6 0375 03754 0.3758
K=7 0.4375 0.4382 0.4391
K=38 0.5 0.5012 0.5011
K=9 0.5625 0.5638 0.5628
K=10 0.625 0.626 0.6257
K=11 0.6875 0.6887 0.6889
K=12 0.75 0.7497 0.7509
K=13 0.8125 0.8134 0.8128
K=14 0.875 0.8758 0.8757
K=15 0.9375 0.9391 0.9378

According to practical experimental results, the proposed DPWM successfully generates
a PWM output with a 4-bit resolution, and its duty cycle can be adjusted from 0% to
93.78%. Moreover, the proposed DPWM has a lower hardware complexity compared with
the delay-line DPWM, and therefore is suitable for low-cost DPWM designs.

[1]
2]

REFERENCES

B. Michael, Pulse width modulation, Embedded Systems Programming, pp. 103-104, 2001.

A. Syed, E. Ahmed, D. Maksimovié, and E. Alarcén, Digital pulse width modulator architectures,
Proceedings of the 35th IEEE Annual Power Electronics Specialists Conference, Aachen, Germany,
pp. 4689-4695, 2004.

A. Syed, E. Ahmed, and D. Maksimovi¢, Digital PWM controller with feed-forward compensation,
Proceedings of the 19th IEEE Annual Applied Power Electronics Conference and Exposition, Ana-
heim, California, USA, pp. 60-66, 2004.

Y.-C. Hung, Delay-line sharing based: a new CMOS digital PWM circuit, Proceedings of 2012
international symposium on computer, consumer and control, Taichung, Taiwan, pp. 305-308, 2012.
F. Liou, Q. Zhao, and Y. Zhu, Design of dual PWM inverter for harmonic minimization, Proceedings
of 2016 China International Conference on Electricity Distribution, Xi’an, China, pp. 1-6, 2016.
J.-F. Chen, J.L. Shyu, and T.-J. Liang, Multi-random PWM inverter with fixed switching frequency,
Journal of the Chinese Institute of Engineers, vol. 26, no. 3, pp. 309-320, 2003.

B. J. Patella, A. Prodic, A. Zirger and D. Maksimovi¢, High-frequency digital PWM controller IC
for DC-DC converters, IEEE Transaction on Power FElectronics, vol. 18, no. 1, pp. 438-446, 2003.
S.-C. Lin, and C.-C. Tsai, Adaptive backstepping control with integral action for PWM buck DC-DC
converters, Journal of the Chinese Institute of Engineers, vol. 28, no. 6, pp. 977-984, 2005.

H.-C. Chen, A counter-based DPWM device with resolution extension, Applied Mechanics and Ma-
terials, vol. 145, pp. 593-597, 2012.

H.-C. Chen, Resolution extension of counter-based DPWM using self-triggered method, Proceedings
of 2015 IEEE International Conference on Consumer Electronics-Taiwan, Taipei, Taiwan, pp. 354-
355, 2015.



