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Abstract-In this paper, a switched mode PWM inverter 
control using a fixed-point digital signal processor @SP) 
for an uninterruptable power supply is presented. Issues 
related with a real-time digital control design of an 
inverter system and a pulse width modulation (PWM) 
with a fixed point DSP are discussed. And it is shown that 
the programmability of a DSP facilitates implementing 
the over-current limit control with a droop method. The 
simulation and experimental results are presented to 
verify. 

I. INTRODUCTION 

For a typical unintermptable power supply (UPS) system, a 
switched mode inverter system with pulse width modulation 
(PWM) based on batteries is utilized to generate a pure 
sinusoidal AC output voltage for a certain load when the 
utility power is not present. In designing such an inverter, 
whether it is for a line-interactive mode or an online mode 
UPS system, minimizing the inverter filter size and weight 
becomes an important issue without compromising the 
system performance. However when we try to make a filter 
size smaller, which would reduce system size and weight as 
well as cost, the filter resonant frequency increases and the 
closed loop system bandwidth is widened. In fact, this 
prohibits the use of digital control with typical 
microprocessors because the sampling interval for the analog 
to digital (A/D) conversion and real time compensation 
introduces so excessive phase lag that it destabilizes a 
feedback control loop[ 11. It is known that most of the power 
converter control with a microprocessor have a comparably 
large output power filter to minimize the effect of phase lag 
due to A D  conversion[l][2][3]. Owing to the advent of a 
fast digital signal processor, which is especially targeted to a 
switched mode P W M  inverter application, a higher closed 
loop system bandwidth can be allowed with a digital 
compensator design and it is even possible to include the 
pulse width modulator inside a DSP chip with A/D 
converters, etc.[4]. In addition, since programmability of the 
DSP chip offers flexibility in designing a control loop, it is 
much easier to incorporate an advanced control algorithm, 
which can hardly be implemented with its analog counterpart. 

In this paper, a switched mode PWM inverter control for a 
UPS application is presented. An approach for the digital 
real time control for inverter output voltage is as follows; an 
analog control design for the inverter voltage mode control is 
determined first as a reference design. Then its digital 
implementation is found. If necessary, the analog reference 
design is revised to resolve issues related with a fixed-point 
processor control design as well as the sample and hold 
delay. The over-current limit control is designed later 
exploiting the ease of programmability of DSP. Regarding 
the over-current limit control, when an over-load condition 
occurs, drooping the voltage reference can be easily 
implemented by utilizing a multiplier in a DSP, which is also 
important in digital filtering as well as interpolation algorithm 
associated with a lookup table. 

In the next section, a full bridge inverter system based on 
batteries is presented briefly and its model is identified for a 
feedback control design. The voltage mode feedback control 
method of the inverter is described, and the control block 
diagram and a control model is found. In the third section, 
issues related with a digital control design of switched mode 
inverter system with the fixed-point DSP are discussed and 
resolved. Additionally the current limit strategy using a 
droop method is developed in conjunction with the voltage 
mode feedback control in the fourth section. Simulations and 
experimental results are provided for its verification. 

11. UPS INVERTER SYSTEM DESCRIPTION 
AND VOLTAGE MODE CONTROL 

In Fig. 1, a single phase PWM inverter is shown, where a 
battery delivers a necessary power to a critical load when a 
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Fig. 1 .  Single phase PWM inverter for a UPS system 
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utility line is failed. The full bridge inverter switch pairs, 
(41, 43) and (42, Q4), are turned on/off simultaneously. As 
a result the inverter voltage V,,,,, can be either positive rail 
voltage + Vd2 or negative rail voltage -Vd2. By the use of a 
PWM method, the inverter switch pairs can be controlled so 
that the inverter voltage may contain a hndamental line 
frequency voltage on top of carrier frequency ripple voltage. 
Through the low-pass filter, only the fundamental frequency 
voltage can be extracted to provide a near-pure sinusoidal 
voltage to a load. Since the low-pass power filter is a lightly 
damped second order system, the feedback control is required 
to provide stable and regulated inverter output voltage 
regardless of loads. The low pass filter transfer function 
from V,,, to K,,,, can easily be derived as 

(1) 
I 

G(s) = 
L C S ~  + (R,C + L /  R L ) s  + I  + ( R ~  / R L )  

Fig. 2 shows a PWM, where the inverter control command is 
compared with a triangular carrier signal to drive inverter 
switches and to shape the inverter output voltage. From Fig. 
2,  it is known that the PWM carrier signal height, h, would 
eventually represent the peak-to-peak value of the inverter 
output voltage and thus an inverter gain, K ,  in an average 
sense can be found as 

K = -  vb 
h 

Based on the observation, a voltage mode feedback control 
block diagram is drawn, which is illustrated in Fig. 3. From 
the figure, the inverter voltage is sensed through a sensor 
with gain, F, compared to a sinusoidal reference, to 
generate an error signal. It is known that from the figure, the 
filter transfer hnction V,,, to K>", was decomposed in order to 
extract the filter inductor current information. Also note that 
both the voltage reference signal amplitude and the sensor 
gain should be scaled such that the PWM carrier signal 
covers enough dynamic range of the control command. This 
is more important when we implement a fixed-point DSP 
control as will be discussed later. By considering the error 
transfer function Vre.to V,, 

(3) 
I 

I + C(S) F K G(s) 
Ve - -- 

Vre. 

the analog error signal compensator C(s) can be designed by 
a loop gain analysis in the frequency domain so that a fast, 
stable, near pure sinusoidal inverter output voltage is 
obtained. This requirement can be achieved by keeping the 
crossover frequency higher, the phase margin higher, the 
feedback loop gain at line frequency higher, and the feedback 
loop gain at switching frequency lower. However since this 
analog control design will be a reference for a digital control 
design, this design approach may need to be modified to 
accommodate the digital control implementation. The analog 
feedback loop gain will be provided later to compare with its 
digital counter part. 

C o n t r o l  C o m m a n d ,  V c  
I I 

111. DIGITAL CONTROL OF SWITCH MODE INVERTER 

Fig. 2. PWM switching signal generation 

I 

Fig. 3.  Block diagram for voltage mode control 

It is observed that the switched mode PWM power 
conversion scheme with the power lowpass filter has all the 
fundamental elements of digital system, both an analog to 
digital converter (ADC), which corresponds to a pulse width 
modulator, a digital to analog converter (DAC), which 
corresponds to switching devices and a power lowpass filter. 
But because of the nature of PWM in the switched mode 

-) 

Fig. 4. Digital control block diagram 
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PWM power conversion scheme there exists no sample and 
hold delay as found in a conventional digital system. Thus we 
call it as analog PWM method. 

In order to take advantage of DSP technology for a 
switched mode inverter application, the conventional digital 
control system can be incorporated for real time feedback 
control of a switch mode PWM inverter with various on-chip 
power electronic peripherals, such as an event manger for 
PWM, ADCs, etc. Particularly the PWM method with a DSP 
has a different characteristic from that of the analog PWM 
method due to the sample and hold delay introduced by a 
digital feedback control. In order to distinguish, it is called as 
digital PWM method. Based on the analog voltage mode 
control design as depicted in Fig. 3, the digital feedback 
control block diagram can be drawn and found in Fig. 4, 
where the over-current limit control portion to be discussed 
later is also shown. In the figure, the digital control 
components including a pulse width modulator are all 
embedded in a single DSP (TMS320 F243) chip as illustrated 
with a dotted box. This DSP is a 20MIPS 16bit fixed-point 
processor equipped with an event manager, 8 PWM channels, 
one multiplexed lObit A/D converter, etc. In the dotted box 
of Fig. 4 the sensed discrete signals are differentiated by (A) 

for its analog counter parts. The following factors are to be 
considered in designing and implementing a digital real-time 
feedback control with this type of application specific DSP. 

A .  Sampling@equency and A/D converter 

Depending on the CPU speed of DSP core, the number of 
instructions per sampling period (NIPS) is limited as 

NIPS = T, xCPUspeed, (4) 

where T, is a sampling time(=l/sampling frequency). Also 
because of A/D conversion time, the actual available NIPS is 
reduced so that 

) (5) 
actual available NIPS 

CPUspeed 
T, > (A/D conversion time i- 

This means that within a given sampling period any sensed 
feedback signal needs to be converged to a certain stable 
discrete number in a A/D converter. And based on the A/D 
sampled number the control command calculation and the 
PWh4 gate drive signal generation must be completed before 
the next cycle. It is noted that generally when a cost 
constraint is a bigger concern, the DSP CPU speed and A/D 
conversion time would be limited so that the sampling time 
has to be compromised with the computational burden in a 
DSP for real time control. In addition it is known that the 
sampling frequency introduces a sample and hold delay as a 
form of phase lag as follows[8]; 

where& is the crossover frequency of a feedback loop gain. 
Since this phase lag is purely from digital control and takes 
up the phase margin of the given analog system, it is 
important that the analog prototype control design has 
sufficient phase margin. A cheaper and faster DSP in 
conjunction with fast ADC will allow a wider control 
bandwidth and a better control performance. The bit 
resolution of AID converter is also important to minimize 
quantization effect. A lObit AID conversion for 
TMS320F243 will result in 0.1% error in the output, which 
may be significant especially in a high voltage application. 
With regard to selecting the switching frequency, both the 
filtering requirement and the power converter efficiency need 
to be considered to keep the switching eequency as high as 
possible. When a single DSP is utilized for both control and 
PWM, it may be possible to have a switching fiequency 
different from the sampling frequency. However since the 
digital control design approach in this work is based on an 
analog control design prototype, we use the same frequency 
for both sampling and PWM switching for ease of 
implementation. In fact it provides a benefit in that neither a 
notch filter nor a lowpass is needed to sense nearly ripple-free 
current information as described in the next subsection. 

B. Digital pulse width modulation in a DSP 

The digital PWM method is explained by looking at Fig. 5. 
The triangular carrier signal in the analog PWM method 
shown in Fig. 2 is replaced by a digital timer with up/down 
count in a DSP (TMS320 F243) as seen in Fig. 5(a), in which 
both the analog control command and the digital control 
command are depicted for comparison. Note that although 
the digital control command may be a little different because 
the control command is determined dynamically based on a 
feedback information every sampling cycle, in order to 
explain the digital PWM method easier, a quantized version 
of the analog control command is considered as a digital 

Tirner(upldown count) 
i i \  i vc\ 

v c  
I \  I 

t= / tT~ (k+ljTs (k+i)Ts (k+3)Ts (k+h)Ts (k+5)Ts 
(c) 

Phase lag = T, xfc x 360 9 (6) Fig. 5 .  Digital PWM method 
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PWh4 control command. From Fig. 5, for example suppose 
that a feedback signal is taken at t=kx,,  where k is a time 
sequence, the digital command control is calculated by 
(k+l)K and the corresponding PWM takes effect after 
(k+l)T,,. Therefore there exists always time delay of T, that 
would result in phase delay discussed earlier. This is shown 
from Fig. 5 (b) and (c). Also it is observed that the negative 
pulse width between (k+l)Ts and (k+2)K. should have been 
tb' if it were based on analog PWM. But because of the 
qunatization effect in digital PWM the pulse width is found to 
be t b ,  In a worst case with this type of modulation this delay 
due to quantization error can be as much as TJ2 which would 
increase phase lag. Therefore an analog prototype 
compensator needs to have enough phase margin so that its 
transformed digital compensator guarantees a stable feedback 
control. Also note that as can be speculated from Fig. 5 ,  even 
though the inductor current would contain large ripple 
current, because an AID converter synchronized with the 
switching frequency senses the inductor current nearly in the 
middle of the current ripple, an average inductor current is 
sensed so that neither no additional ripple filter is required. 
This implies that an A/D converter functions as an inherent 
notch filter. 

C. Scaling and Sensor Gain 

When a fixed-point DSP is used for a digital real time 
control, the signal scaling becomes more important. In order 
to support a dynamic range of signals and control parameters 
as wide as possible, at first the sensor gain needs to be 
determined so that the feedback signal covers voltage range 
of the A/D converter sufficiently. Then a digital filter 
structure must be chosen properly to have filter parameters 
well within the fixed-point number range and to prevent 
overflow error in the middle of filtering algorithm. Also the 
fractional number representation with Q15 format as well as 
overflow mode is utilized for digital compensation algorithm 
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Fresuencv (@=) 

Fig.6. Bode plots of feedback loop gain 

implementation to prevent overflow[7]. The TMS320F243 
has a built-in overflow mode. By enabling the overflow 
mode, a calculated result can never be bigger than the most 
positive number or smaller than the negative number but is 
saturated. This type of saturation nonlinearity can be tolerated 
as long as the given linear system is stable and its transfer 
fbnction is strictly proper[6]. 

D. Compensator transformation and closed loop gain 

Based on the analog control design, the digital filter, 

where Z(4r, represents Z-transformation, can be easily found 
using MATLAB, considering a given sampling time 
TS=45psec. Various transformation methods can be applied 
and we use the bilinear transformation method to duplicate 
the analog control design as closely as possible. Based on the 
digital filter transfer function in (6), the Bode plot of the 
feedback loop gain is provided with its analog counter part in 
Fig. 6, where the analog case is shown with a solid line and 
the digital case with a dotted line. For the Bode plot of the 
feedback loop, the filter parameters were given as L=SOOuH, 
C=lOpF, Rp=2.5Q for 380V rail voltages and 230Vrms 
output with a 700W load. As can be seen, the crossover 
frequency is 243 Hz and the phase margin is 85", which 
minimizes the effect of sample and hold as well as the over- 
current limit control shown next. 

Iv. OVER-CURRENT LlMlT CONTROL 

Occasionally when excessive loads are attached to the 
UPS, the UPS inverter will deliver excessive current because 
the feedback controller tries to regulate the nominal output 
voltage if the feedback control is robust enough. This high 
current is adverse to the switching devices in the inverter. 
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Fig. 7. Lookup table for over-current control 
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Fig. 8.  MATLABlSIMULINK simulation model 

I I I I I I  - 

In this case when the UPS load causes excessive current, if 
the inverter output voltage is forced to have smaller 
amplitude, it is possible to limit the power delivered to a load. 
In order to implement this method, an inductor current needs 
to be sensed through a current transformer. With the sensed 
inductor current information the amplitude of the sine 
reference is determined by a lookup tzble. From the table, 
when the fundamental component of the inductor current is 
within a given specified range, multiplying a unity number 
makes no amplitude adjustment. However as the 
fundamental component of the inductor current is increased 
beyond the given range, a smaller number than one is found 
from a lookup table and multiplied to the voltage sine 
reference to reduce the amplitude of the sinusoidal reference, 
which would eventually reduce the inverter output voltage. 
The normalized current is used for fixed-point DSP 
calculation with fractional number format and calculated as 
follows, 

_-_ 

in,,., = fii,.,,,, G , (7) 

where irmS is the RMS current for nominal power and G is the 
current sensor gain. And a lookup table is established as seen 
in Fig. 7. Then an interpolation algorithm is required and 
can easily implemented with a DSP utilizing a multiplier. It 
is noted that an instantaneous current limit circuit may be 
required in order to protect inverter switches from the a peak 
current during a transient. Also it is important that in the 
feedback control design the voltage loop does not interfere 
with the voltage reference change when a over-load condition 
occurs. 

v. SIMULATION AND EXPERIMENTAL RESULTS 

In order to verify the control technique and its DSP 
implementation, a simulation is conducted with a 
MATLAB/SIMULINK model as shown in Fig. 8. Note that 
we can incorporate the digital and nonlinear elements in the 
simulation by using MATLAB/SIMULINK. Its results are 
provided in Fig. 9. the inverter Fig. 9 (a) and (b) show 
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output voltage and the inductor current response respectively. 
During the MATLAB/SIMULINK simulation, it is possible 
to change the load impedance value on the fly by using the 
manual switch in the figure. As can be seen in the simulation 
results, when the load is changed from 700W, a nominal load, 
to 2100W, the inverter output voltage drops from 330V fast 
while the inductor current is limited to 10A peak. As the load 
impedance is returned to its nominal value, the inverter 
output voltage is restored and the current level is dropped 
accordingly for a normal inverter operation. An experiment is 
set up as the simulation case and its results are provided in. 
Fig. lO(a) and (b). As shown, at the instant of load change 
from nominal load to three times of the nominal load, the 
output voltage droops so that the load current can be limited. 
As the inverter load is restored, the nominal inverter 
operation is returned fast with the help of DSP over-current 
limit control. 
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VI. CONCLUSION 

In this paper, a DSP based digital feedback control for a 
switched mode PWM inverter was presented for UPS 
application. Issues related with a single fixed-point DSP chip 
solution including pulse width modulation and A/D converter 
for a digital control design of inverter system are discussed 
and resolved. As shown, not only the single chip solution 
simplifies the complete hardware implementation, but the 
programmability of the DSP chip facilitates both the voltage 
mode feedback control and the over-current limit control. The 
simulation and experimental results verify the effectiveness 
of the single-chip DSP control implementation. 
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