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Abstract—This paper presents a field-programmable gate ar-  To minimize the harmonic distortion of the output waveform
ray (FPGA)-based control integrated circuit (IC) for controlling  of a PWM inverter, many methods based on modulation
the pulsewidth modulation (PWM) inverters used in power- strategies have been proposed [2], [3]. Though these methods

conditioning systems for ac-voltage regulation. We also propose L .
a multiple-loop control scheme for this PWM inverter control have good steady-state characteristics, they are not suitable

IC to achieve sinusoidal voltage regulation under large load for the applications with sudden load change due to their
variations. The control scheme is simple in architecture and thus open-loop control scheme. Good output-voltage regulation of
facilitates realization of the proposed digital controller for the g PWM inverter can only be solved by using closed-loop

PWM inverter using the FPGA-based circuit design approach. ; }
Bit-length effect of the digital PWM inverter controller has also control techniques. Many closed-loop control schemes based

been examined in this paper. The designed PWM inverter control ON @nalog techniques have been proposed to improve the
IC has been realized using a single FPGA XC4005 from Xilinx, transient response of the PWM inverters under load variation

Inc., which can be used as a coprocessor with a general-purposeat the expense of complex control circuitry [4], [5]. To
microprocessor in application of ac-voltage regulation. Owing to  frther improve output performance, current-loop-regulated

the high-speed nature of FPGA, the sampling frequency of the ; . g .
constructed IC can be raised up to the range that cannot be PWM inverters with output-voltage compensation have been

reached using a conventional digital controller based merely on proposed [6]-[8]. These kind _Of control schemes employed an
microcontrollers or a digital signal processor (DSP). Experimen- inner current loop together with an outer voltage loop to split

tal results show the designed PWM inverter control IC using the pair of undamped poles caused by il resonance of an
the proposed control scheme can achieve good voltage regulationgtpyt filter so that the closed-loop system can achieve stable
against large load variations. and fast dynamic response. Such multiple-loop schemes have

Index Terms—Digital control, FPGA, PWM inverter, UPS. been proved to be useful in power-conditioning systems for
ac-voltage regulation.
|. INTRODUCTION With successively improving reliability and performance

. . of microprocessors, digital control techniques have predom-

HE CLOSED-LOOP-regulated pulsewidth modulation,aieq over their analog counterparts in the past decade.

I (PWM) inverters with LC' filters have found their \;icroprocessor-based digital control schemes have been ap-
widespread applications in ac power-conditioning SysteMgieq 1o the closed-loop regulation of the PWM inverters for
such as automatic voltagg regulat.ors (AVR’S), pro_grammal,Jbl%usoida' waveform synthesis [9]-[11]. Microprocessor-based
ac power sources, and uninterruptible power supplies (UPS'8hyio1 schemes have the advantages of flexibility, higher

Owing to the proliferation of computer systems and threeliability, and lower cost. If the multiple-loop schemes men-

increasing awareness to protect critical mforma_tlon, tr_{ﬁ)ned above are to be realized by a microprocessor, however,
demand for UPS has grown tremendously. One basic functl%st of the computation source will be devoted to inner

of a UPS is FO CO”V‘?Tt the dc_voltage of backup batteries &?Jrrent—loop control algorithm and generation of PWM gating
ac voltage with specified amplitude and frequency [1]. In t gnals. Only a limited computation resource will be left for

UPS applications, the PWM inverter is required to SyntheSi%ﬁher control loops and functions. Moreover, the demanding

a smusmdgl waveform at |t_s output port under d|ﬁer_ent typec%ntrol requirements of modern power-conditioning systems
of Io_ad. Smce_ the PWM inverter plays such an |mp0rta%" overload most general-purpose microprocessors. Though
r?le In converting dcd.v_oltiage to ac vqltar?e,rllthed perfo(;man?ﬁe multiprocessor scheme can deal with this problem, it costs
3022 digoiozvoer:;rc;nofltltﬁglrg)%i;?/iitir\rllv;\?l inl\glleri/er ependent More than the benefit it brings. Therefore, the_ engineers turn
' to the technology of ASIC and hope that the high-speed hard-
wired logic can enhance the computation capability and thus
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Fig. 1. PWM inverter used in ac power-conditioning systems.
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Fig. 2. Block diagram representation of the PWM inverter system.
prototyping is now growing up. The emergence of field- [I. MULTIPLE-LOOP CONTROL OF PWM INVERTER

programmable gate array (FPGA) has drawn much attention

due to its shorter design cycle, lower cost, and higher densi#y.. Dynamic Model of the PWM Inverter

FPGA incorporates the architecture of gate arrays and thq:ig_ 1 shows the PWM inverter used in an ac power-
programmability of PLD's. It comprises thousands of logigonditioning system together with its output filter and load
gates, some of which are grouped together as a configuraRlgistance. The full-bridge invertef,C filter, and load are
logic block (CLB) to simplify high-level circuit design. The considered as the plant to be controlled. The voltage source
interconnections between these logic gates are externally §€- serves as the dc bus and supplies power to the load through
fined by SRAM or ROM. The simplicity and programmabilitythe inverter. The resistor. is the equivalent series resistor

of FPGA make it the most favorable choice for prototypingesR) of the capacitor, while the resister is the ESR of the

digital systems. inductor. According to the theory of state-space averaging and

This paper presents an FPGA-based multiple-loop contif{earization, the characteristic equation of the PWM inverter
scheme for the closed-loop regulation of a PWM inverter usedown in Fig. 1 can be derived as

for ac power conditioning. The proposed scheme containsd R 1
an output-voltage decoupling mechanism so that the PWM —< = i, —
. i . . dt C(R+r¢) C(R+r¢)
inverter can achieve satisfactory ac-voltage regulation. In

addition, a load disturbance compensation scheme has beer@ —_TLTe +R(rp +7e)

vc

R

= 17, — Ve + =5
developed to suppress the effect of load variation and thus @t L(R+rc) L(R+r.) L
improve the stiffness of the controlled PWM inverter. The = _ Rr¢ i+ R v @
proposed digital controller has been realized by an FPGA ° ¢

R+, R+,
(XC4005) from Xilinx, Inc. The design and implementatiorFig. 2 depicts the block diagram representation of the PWM
of the FPGA-based control integrated circuit (IC) has begfiverter system derived in (1). It shows the interconnection of
described in detail. The bit-length effect of the designed IC iaajor components of a PWM inverter. Since different types
also examined in this paper. of load may be connected to the output of the PWM inverter,

This paper is organized as follows. Section Il derives thgn ac power-conditioning system encounters significant load
dynamic model of the PWM inverter system and describesicertainty. In order to maintain a sinusoidal output waveform
the proposed multiple-loop control algorithm. Section Il iginder different loading conditions, a robust controller must be
concerned with the design and implementation of the FPGAesigned to regulate the PWM inverter. It can be observed
based control IC. Section IV examines the bit-length effeétom Fig. 2 that the dynamic model of the PWM inverter is
of the designed control IC. Section V shows the architectusamilar to that of a permanent-magnet dc motor. Therefore, the
of the experimental setup and gives some testing resultencept of servo system design can also be adopted here to
Section VI is the conclusion. regulate the PWM inverter.
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Fig. 3. Block diagram of the proposed digital control scheme.
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Fig. 4. Block diagram of (a) inner current loop and (b) simplified current loop.

Fig. 3 shows the proposed multiple-loop control scheme fas an exogenous disturbance in this loop. The performance of
ac-voltage regulation, wheeg represents the load impedancehe designed current-loop controller will be degraded if the
connected to the PWM inverter. It can be seen from this figuirgterference of this disturbance cannot be well suppressed. To
that the output voltage behaves like a back electromotive forselve this problem, the current-loop control law is designed as
(emf) to the dc motor, and it disturbs the current loop. The
load current also acts as a disturbance with respect to the
outer voltage loop in a similar manner [8]. To cope with this Veom (k) = K [iT, (k) — i (k)] 4+ vo (k) 2)
problem, three signals are sensed as feedback in this control
system: inductor currenti{), output voltage #,), and load
current ¢,). The inductor current is sensed for the regulatiowhere i is the current command generated by the outer
of the current loop. The output voltage is sensed for ac-voltageltage loop and..., is the computed control force applied to
regulation and “back EMF” compensation. The load current {§¢ PWM signal generator. It should be noted that the sensed
sensed for rejecting the load disturbance. output voltage €,) has been added to the control law (2) so
that the interference of the output voltage can be compensated.
Owing to this compensation, the model of the inner current
loop can be further simplified as shown in Fig. 4(b). The gain

Fig. 4(a) shows the model of the inner current loop of &. is designed through deadbeat control theory so that the root
PWM inverter. It can be seen that the output voltagg acts of the closed current loop can be placed at zero to achieve

B. Current-Loop Controller
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Fig. 5. Block diagram of (a) outer voltage loop and (b) simplified voltage loop.
deadbeat effect [15] TABLE |
T PARAMETERS OF THE PWM INVERTER
K - rrpe e 3)
T ] _ e—ale” Parameter Value Unit
Owing to the deadbeat effect of the designed current loop, filter inductor, L 122 mH
the inductor current can respond to the current command o -
as quickly as possible. This implies that the dynamics of ilter capacitor, ¢ 188 #E
the inductor can be well controlled and thus guarantees fast ESR of inductor, 7, 0.6 Q
response.
ESR of capacitor, r¢ 0.2 Q
C. VOItage'LOOp Controller rated load resistance, R 25 Q
Since the designed inner loop can follow the current com- .
. . . L dc-link voltage, V. 50 14
mand faithfully due to its fast dynamics, it is reasonable to
take the current loop as a constant gain in the design of the rated output voltage 25 V (peak)
outer loop controller. Fig. 5({;1) shows th_e block diagram of the switching frequency 3125 \Hz
outer voltage loop under this assumption. The corresponding

voltage-loop control law is
icom(k) = KU[Uref(k) - Uo(k)] + Zo(k)

deadbeat theory as follows:

K, =

T,—C-r.

(4)

wherew,r IS the voltage reference arig,,, is the computed
current command for the inner current loop. Since the load
dynamics are unknown, the load current acts as a disturbance
with respect to the outer voltage loop. Therefore, we take the
load current as feedback signal and add it to the control law
(4) to remedy the defect caused by load disturbance. With
this term, the outer voltage loop can be further simplified as
shown in Fig. 5(b). Similarly, the gaif(, is designed through

(5)

TABLE 1
PARAMETERS OF THE DESIGNED DIGITAL CONTROLLER

Parameter Value Unit
Te 32 us
Ty 64 us
K, 37.8
Ky 0.316

The relevant parameters of the PWM inverter and the designed
digital controller are listed in Tables | and Il, respectively.
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Fig. 6. Functional block diagram of the designed IC.

lll. DESIGN OF THEFPGA-BASED CONTROL IC in accordance with the proposed multiple-loop algorithm and

FPGA has become the main stream in complex logic circdite Sine reference from EPROM. Finally, the PWM signal with
design due to its flexibility, ease of use, and short tim@iOPer deadtime is generated and sent to the gate drive of the
to market [14]. The programmable hard-wired feature &ontrolled PWM inverter.

FPGA provides a solution to the conflict between demandingFig- 6 shows the functional block diagram of the designed
computation requirements and cost. Therefore, it is beneficg@ntrol IC. It has five command registers for storing gains
to employ FPGA as part of a digital controller to relievé®f the control loop . and K.,), PWM switching frequency,

the microprocessor from time-consuming computations. In tg@mpling frequency, and the deadtime for the PWM gating
application of ac power-conditioning systems, the control Igjgnals. In order to simplify the hardware design, all these
should function as a coprocessor with a general-purpose micg@mmand registers are tied to a common data bus for com-
processor to provide complete control and computer interfagater interface and decoded by a command-mode decoder. To
functions. Therefore, a built-in computer interface is necessdagilitate the acquisition of feedback information, three extra
for the PWM inverter control IC. The microprocessor handlg€gisters are designed for housing the data from A/D con-
high-level operations such as power-on sequence contiglters. A sine-table decoder is designed to generate address
power monitoring, parameter adaptation, self-calibration, afar fetching sine reference stored in an external EPROM.
diagnosis, while the control IC takes charge of low-levelo obtain proper gating signals, a regulation controller is
real-time tasks such as feedback control, PWM wavefordesigned to figure out the required pulse width according to
generation, and data acquisition. the reference command, the sensed feedback signals, and the

As a digital signal processing unit, the most important issugultiple-loop algorithm proposed in the last section. To protect
in designing the control IC is the choice of numerical datgne switching devices from short circuit, a deadtime controller
processing scheme: floating-point or fixed-point arithmetis included in the designed IC so that the generated PWM
Floating-point arithmetic gets it benefits of wide dynamigatterns can have proper delay time at each switching instant.
range and low round-off error, however, its hardware re- Before designing the proposed multiple-loop controller, the
alization is much more complicated. Fixed-point arithmetigwitching frequency of the PWM inverter and the sampling
provides a more practical solution to most industrial applirequency of each control loop must be determined so that
cations due to its simple circuit realization. However, propgke control parameters can be designed accordingly. In order
numerical scaling plays a very important role in the synthesi§ suppress the sideband harmonics, the switching frequency
of an integer controller. In this paper, 8-b arithmetic Witl,oy|d be an integral multiple of the sampling frequency of the

external ROM-based sine-table reference is adopted to realiggita| controller. In this paper, the relationship among these
the PWM inverter control IC for ac-voltage regulation. This |Qrequencies is set as follows:

receives load current, inductor current, and output voltage from
an analog—digital (A/D) converter as feedback signals, and the fs=Ffe=2f (6)
required pulsewidths for the PWM inverter are then computacdheref, is the PWM switching frequency of the inverter while
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Fig. 7. Eight-bit approximate realization of the proposed multiple-loop control algorithm.

TABLE Il Owing to the quantization effect of fixed-point arithmetic,
PARAMETERS SCALING OF KEY VARIABLES the control gains cannot be realized precisely. The integer
approximation of the a selected virtual current-loop gain, such
as 37.8/40, can be expressed as

output voltage (v,) 50V 125 K. = % — 0.945 ~ % + % + % + % — 0.9375. (9)

Signal physical value | scaled value

ind ; 1A 100 : .
inductor current (i) Since all the terms are in the form of powers of 1/2, only

load current (i,) 1A 80 data shift is necessary for the calculation of (9). The above
approximation has an error of 0.79%, and it is acceptable in
this application. In a similar manner, the voltage-loop control

f. and f, are the sampling frequencies of inner current looigW is realized as
and outer voltage loop, respectively. To obtain fast current 7 iy = K [5,00(k) — B, (k)] + 70 (k) ¥ L (10)
response, the sampling frequency of inner loop is set equal to

the switching frequency. Since the voltage response is slovfeselected voltage-loop gain of 0.316 can be approximated as
than the current response, it is reasonable tp set the sampling K, =0.316 ~ i + 1_16 — 0.3125. (11)

rate of outer loop as one half of that of the inner loop.

In our constructed PWM inverter system, the dc-link voltagéhe approximation error is about 1.11%. Fig. 7 shows the 8-b
is set as 50 V. Therefore, the actuating force must fall withiPproximate realization of the proposed multiple-loop control
the range of=50 V. Table 1Il shows the scaling scheme of th&lgorithm.
relevant signals for the 8-b arithmetic operations. Because thel he required pulsewidth of the gating signal is generated
current signal is much smaller than the sensed voltage sigri, follows:
the current signal must be amplified by 32—40 times to fully Vatuty (k) = Toom (k) % % % 128 + 128
employ the dynamic range of the feedback signals. Therefore, _ °
the sensed current signal must be rescaled as follows: N Teom (k) +128. (12)

Bipolar pulsewidth modulation scheme, in which a duty of
Teom(k) = [ig,(k) = i0(k)] X & x K. +7,(k). (7) 50% means zero average at output, is employed in this
application. Only 256 values can be realized from zero to full
The variables with a bar denote the values after scaling. daty due to the 8-b resolution. Fig. 8 shows the block diagram
simplify the design, a virtual current-loop gain is defined asof the PWM signal generator. To protect the switching devices
from short circuit, a programmable deadtime controller is also
K. =4 x K. (8) included in the designed control IC.
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TABLE IV
Key ComMPONENTS USING DIFFERENT BIT-LENGTH REALIZATION
A/D converter FPGA
bit length type price @1000 pcs CLBs type price @10 pcs
(June 1997) needed (June 1997)
8-bit AD7575 $USD 4.7 140 CLBs | XCAO0S(PC84P) | gyjqp 265
@190kSPS (196 CLBs)
10-bit AD7776 $USD 7.6 250 CLBs | XC4006(PC84P) $USD 40
@450kSPS (256 CLBs)
12-bit AD1674 $USD 11.5 360 CLBs | XCA010(PC84P) |\ gysp 636
@100kSPS (400 CLBs)
r ________________________ i
i | Timer l !
i |
f |
i |
Duty N Toggle |
Ratio q:> Toggle N Comparator | — Register -
Dond ! Time :
ea [:'> Calculator| Toggle -
Time | — Comparator| —sf Register | |
| i

Fig. 8. Block diagram of the PWM generator.

IV. FINITE WORD-LENGTH EFFECT

Fixed-point arithmetic is typical in real-time digital con-
trol systems. Numerical variables and parameters must be
converted to approximate integers with finite word length. Volt

0 t

Am,
Therefore, it is necessary to investigate the effect of word , ‘ i ; , ; ‘ ‘ 3
length imposed on a digital control system. Since the cost of * ="~ i - AT ommre i e
a hard-wired digital controller is directly related to the word ~ ® ¢~~~ "1t ghnuivolage ’
length of the data bus, the best design would be the one with % ‘ ‘ N e
the shortest word length and one that also complies with all 1 r- - -5 r~==22> o R ‘ !
design specifications. 0 O 0

Fig. 9 shows the simulation results of the designed PWM -1 / ***************
inverter with different word length. It can be observed that 20 - - .
better performance can be obtained if a longer word length is 3 }------t----

employed. Though 8-b data length exhibits a worse result, its 4o | -- e P 4
performance is still acceptable in this application. Table IV -5 001:8 oo% W;'z m‘;‘ 0'02:6 S 00312 s
illustrates the cost of critical elements and the effort in (se0)
implementing the designed digital controller under different (b)

bit length. Only the devices relevant to the word length ardy. 9. Simulation results of the designed PWM inverter with different bit
counted in this table. All the devices listed have nearly tHengths: (@) 8 and (b) 12 b.
same specifications except the word size. For the 8-b case,

the FPGA XC4005 with 196 CLB's is sufficient to realizéangd 112 input/output blocks (I0B’s). Xilinx also provides
the proposed multiple-loop control scheme. While in the 12116 cAD tools (Xilinx Automated CAE Tools, XACT)
case, however, XC4010 with 400 CLB'’s should be employeg); ihe development of ASIC’s employing FPGA's. XACT

It follows that the total cost of these key elements in 8-b reglygjsts of a schematic entry editor, a cell library, an interface

ization is only about two fifths of that of 12-b realization as fa\Fv'th the schematic entry editor, logic and timing simulation

as our gppllcanon IS concerned_. Smce_the performance of & are, and design implementation software. The logic and
realization can meet the essential requirement, the word Ieng;c

of the digital controller designed in this paper is thus set as 8 rT“.”g S|mulat|op SO“W"’T“? 1S gspgually |mporlta.nt for the
esign of complicated digital circuits because it is better to

resolve circuit problems during the early design stage. Fig. 10

V. HARDWARE REALIZATION AND EXPERIMENTAL RESULTS  j|jystrates the timing simulation results of the developed con-
The proposed digital PWM inverter was implemented by &rol IC. In designing an ASIC using FPGA'’s, attention must be
SRAM-based FPGA XC4005 from Xilinx, Inc. The XC4005paid to the placement of logic blocks and the interconnection
has 5000 logic gate, 196 configurable logic blocks (CLB’'spmong them. The simplicity of the proposed control law
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also simplifies the work for interconnection routing. Fig. 1bperation is similar to that of the BIOS in personal computers.
illustrates the pin assignment of the constructed control IC.The feedback signals are multiplexed before feeding into the

Fig. 12 shows the hardware architecture of the experimen8b A/D converter. The converted digital data is then sent to
system constructed in this paper. The developed control RPGA for further processing. The reference command of the
works as a coprocessor with a single-chip DSP controlldigital control system is also stored in an external EPROM
(TMS320C14) from Texas Instruments. The DSP serves iasthe form of sampled sinusoidal waveform. Though a 512-
a host processor and governs the work of tuning contnpbint sine table is employed in the proposed control scheme,
parameters. The bitstream of the FPGA-based IC, whitlowever, only 128 of them are stored in the EPROM due to
defines the interconnection among the CLB’s inside the FPGihe symmetry of the sinusoidal wave. The FPGA generates
is stored in an EPROM. The bitstream will be loaded into thee PWM switching pattern according to the received data and
FPGA automatically after the power turns on. The loadintdpe designed control logic.
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Fig. 13. Frequency response of the inner current loop. (Dashed: without

output-voltage compensation. Solid: with output-voltage compensation.)
Fig. 14. Frequency response of the outer voltage loop. (Dashed: closed

loop without load current compensation. Solid: closed loop with load current

A built-in system clock (8 MHz) of the FPGA togethercmpensation.)
with some counters can be used to set the PWM frequency of
the power converter and the sampling frequency of the digitalbbp can have better performance than the one without inner
controller. The PWM frequency is set as 31.25 kHz, whileontrol loop. Fig. 14 shows the frequency response of the
the sampling frequency of the inner and outer control loogiesigned outer loop. It can be observed that the proposed load
are set as 31.25 and 15.625 kHz, respectively. The high-speésturbance compensation scheme does improve the stiffness
programmable features of FPGA have made it possible to raifethe output voltage. The bandwidth of the outer voltage
the sampling frequency up to the range that cannot be reackeap is about 4 kHz, which is high enough for line-frequency
using conventional microprocessors. ac-voltage regulation.

Fig. 13 shows the frequency response of the designed inneFig. 15 shows the measured waveform of the inductor
current loop. It can be seen that the decoupling effect of tlearrent. It can be observed that the inductor current can follow
output-voltage compensation does have an enhancementti@ command faithfully. This implies that the dynamics of
the robustness of the current-loop controller. The bandwiditiductor has been well controlled by the proposed current-loop
of the designed inner loop reaches about 9 kHz, which is highmantroller. Fig. 16 shows the output waveforms of the PWM
than using conventional digital control strategies. Owing to theverter under phase-controlled load with a firing angle ¢f.90
wide bandwidth of the inner current loop, the outer voltag€he total harmonic distortion (THD) of the output voltage is



JUNG et al.: DESIGN AND IMPLEMENTATION OF FPGA-BASED CONTROL IC

Amp

10 8 6 -4 -2 0 2 4 6 & 10
(ms)

(b)

2
Fig. 15. Experimental results of the inductor current: (a) current commané ]
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Fig. 16. Output voltage and load current under phase-controlled load.

531

proposed multiple-loop scheme does work well even under
rough load conditions.

VI,

In this paper, we have constructed an FPGA-based control
IC for the closed-loop control of PWM inverters used in
ac power-conditioning systems. Together with this developed
PWM inverter control IC, we also propose a fully digital
multiple-loop control scheme. The proposed control scheme
incorporates an outer voltage loop with an inner current loop
to regulate both the output voltage and inductor current of
the PWM inverter. The design and realization aspects of the
FPGA-based control IC have been described in this paper. The
bit-length effect of the designed control IC, which provides
some guidelines in determination of the word length, has also
been discussed in this paper. A digital PWM inverter control
system based on an FPGA XC4005 was constructed to verify
the proposed control scheme. Owing to the highly integrated
facility of the designed control IC, the complexity of the con-
structed system can be tremendously reduced. Experimental
results show that the controlled PWM inverter can sustain
large load variations. The high-speed nature of the constructed
control IC has effectively extended the bandwidth of the ac
power sources up to the range that cannot be reached by
the conventional digital control techniques based on DSP or
microcontrollers.

CONCLUSION
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