Single-phase ac/dc integrated PWM converter
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Abstract- The paper proposes a new topology of a boost type satisfactory performance both on the load and on the line
ac/dc PWM converter featuring high power factor, full control ~ side. The constraints on the power converter control
of the output dc voltage and high-frequency line filter inductor ~ capability are finally analysed and a suitable control strategy
and insulation transformer. Its main advantage is the complete iS proposed to shape the input current and control the output
integration of a rectifier and an inverter stage, so that a compact Voltage. The design procedure and the proposed control
converter with only four IGBT’s and six diodes is obtained. The Strategy are verified and tested by means of detailed
integration poses some constraints on the line current control NuUMerical simulations, whose results are reported in the final
capability of the converter, which is limited. Nevertheless, the Part of the paper.
compliance with EMC standards (IEC 61000-3-2) is possible for Il. CONVERTERSTRUCTURE
a wide load range. The paper presents a detailed analysis of the
topology, highlighting the design constraints and proposes a A- Converter Scheme and Operating Modes
possible design procedure, which is then verified by means of The basic scheme of the proposed converter is shown in
numerical simulations. Fig. 1. As can be seen, the converter employs four IGBT
switches, which are arranged in a typical full-bridge inverter
configuration, and six diodes. The two upper diodesgim

The industrial interest for compact ac/dc converteD,) are the free-wheeling diodes needed by the inductive load
topologies integrating an high quality rectifier and a dc/dc @f the inverter, while the four lower diodesz{@o Dy, act
dc/ac stage is very high and has motivated several topoldgyth as free-wheeling diodes and line current rectifiers. It
proposals, widely described in the literature both for lownust be noted that this topology also allows standard IGBT
power applications, up to 200 — 300 W [1]-[4], and for highemodules (comprising the free-wheeling diodes) to be adopted,
power levels [5]-[7]. The goal of such integrated converters povided that the four rectifier bridge diodes are externally
to obtain both power factor correction and load voltagadded. Filter capacitori@nsures a constant dc voltage for
regulation with a reduced number of components with respe
to conventional two-stage solutions, thus minimising the cot +
and the size of the power converter and increasing i S,
efficiency. In general, the integration of the two stage:
constrains the achievable performance, either on the load si
or on the line side so that a limited control of the input currer
or of the output voltage must be accepted. This paps
proposes an integrated ac/dc PWM converter capable
providing an high quality input current, compliant with IEC
61000-3-2 low frequency EMC standard, and to guarantee
fast dynamic control of the load side voltage. The structur
integrates a diode bridge rectifier and a full bridge invertet
As a consequence, it appears to be particularly suitable f {\
applications in the medium to high power range (up to som
kW’s). Employing only four IGBT's, six diodes and high
frequency input inductor and insulation transformer, the
converter is potentially capable of ensuring high powe
densities. The paper initially describes the converte
operation. Then, it discusses the design criteria to achieve Fig. 1 — Converter basic scheme
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the inverter operation. Input inductor; Lprovides the U
. . . . . M=—2 (1)
necessary filtering action on the input current. Finally, the U
converter load, which is only schematically represented in_l_hiS im "g; that the inbut current can be successfull
Fig. 1, includes the insulation transformer, the rectifier sta%e P P ) . y
ontrolled and forced to be proportional to the input voltage

and the inductive-capacitive filter needed to smooth thé i ) ) . . .
output voltage. only during a fraction of the line period. To better clarify this

L . . int we now consider the aver in r vol
The converter operation is now explained assuming tha 2 t we now consider the average inductor voltage as a

stable dc voltage §d is maintained across capacitor &l unction of the sinuso_idal input_ voltagey(¥) and dc_ link
along the modulation period, that the input voltage itJ voltage Y. The following equation (2), states that, in order

positive and suitably lower thangUand that an almost unity to control the input current, it must be possible to force a zero
power factor is achieved so that the line frequency harmonic TABLE | — CONVERTEROPERATING MODES

component of the input current can be considered practically  syicchesoN  DiodesoN ¢ U,
in phase with the input voltagegUn these conditions, the

lg

line current will flow through diodes § and Dy, of the 22 gl’ Baa‘ g“b Zg 8 ?:Ccr;e;::

rectifier stage. When the diagonal -5, is turned on a 2 3m Haa )
L . . . S-S D3a, Dap >0 0 increase

positive voltage equal to 4Jis applied to the load, while a

. . . . S-S D3p, Daa <0 0 decrease

negative voltage (equal to,UUy) is applied to the input 0 Do De 50+ J
inductor. The line current,lis therefore forced to decrease. SiSs (Dl)’D e the decrease
When the opposite diagonal is turned op-(S;), a negative Sr& 3 Daa <0 +Ue  decrease
voltage (-U) is applied to the load while a positive voltage SrSs Daa Dap >0 -Ux increase
S-S (D2), D3, Dsa <O -Usge  increase

(equal to ) is applied to the input inductor. The input
current is now forced to increase. These are the powerin . . : .
phases of the converter. Clearly, because of the transforrﬁ‘gFra.‘ge voltage gc?ross the input inductor. Imposing this
used the to isolate the load, the duration of these two phagggdltlon, we obtain:

in a modulation period must always be the same, so as to U, [M/2+3(6) [{1- M)] :|Ug(e)|, (2)
allow the magnetising current reset. By varying the duration ) )

of the powering phases it is possible to regulate the aver,y&éereé(e) represents the duty-cycle used in the input current
value U, of the rectified output voltage, in principle betweerfontrol. The independent variatfieis the instantaneous line

0 and U (assuming a unity turns ratio for the transformer@angle, equal to Effjinefl fine being the line frequency and t
Two free-wheeling phases are also possible, both imposinghg time variable.

zero voltage across the load: by turning on switchen8 $ Equation (2) implies that the duty-cyci6), required to

a negative voltage is applied to the input inductor (equal e@ntrol the input current, has to satisfy the following
Ug - Ugo) which forces the input current to decrease, while, bgonditions:
turning on switches sSand § a positive voltage (equal togJ O |U (9)|

is applied to the input inductor, which forces the input current 0 o _M

to increase. As a consequence, control of the input current is %(9) _ U4 2

possible during the free-wheeling phase of the load by 1-M ®3)

properly selecting the switch combination (& or §- S) 0
to use. Of course, similar considerations are possible in the  P<§(B) <1
case of a negative input voltagg. able | sums up all of the

considered switch combinations, highlighting their effect OP
the transformer primary side voltagg &hd input currenty '

It is then possible to see that (3) can only be satisfied in the
action of the line period when:
Ugmin<|Ug(e)|<Ugma>e (4)

B. Structural Constraints h q . by the followi lati
L _ _where Uminan are given e following relations:
The converter exhibits some structural constraints that limit Wnin Unaxare g y g

its capability to fully control the input current waveform. As = M a0

. . . gmin dc
previously explained, the control of the input current only 2 5
takes place during the free-wheeling phases of the load. This M ()
implies that, when the modulation index of the converter M, Ugmax = %‘7@1%

defined as the ratio between the average, in the modulation
period, of the rectified output voltage,,Uand the DC link Based on (2), (3), (4) and (5) Fig. 2 has been computed.
voltage U (1), is close to unity, very little time is availableDefining the current control angigas the fraction of the line
to control the input current. half-period where current control is possible (expressed in
degrees), Fig. 2 shows two quantities as functions Ghe is
the maximum allowed converter modulation index,¥



2 [1l. POWER CONVERTERDESIGN
Udcmax
Uanc A. Preliminary considerations
15 Assuming the basic specifications which are listed in Table
Il, a possible design procedure is as follows. We select first
of all a convenient value for the dc link voltagg.UA
1 suitable choice is 500V, which allows the use of 600V
M max switches. From this value and the peak line voltage, (5)
0.5 TABLE |l — DESIGN SPECIFICATIONS
Line voltage Uq 240+ 10% Vrms
0 Output power 4 5 kw
0 30 60 90 120 150 180 Switching frequency sk 20 kHz
@: current control angle [deg] Expected efficiency  n 0.8

Fig. 2 — Upper trace: ratio betweencland line voltage peak value . . .
Ugk as @ function of the line control angle. Lower trace: allows to calculate the maximum allowed modulation index,

maximum modulation index My as a function of the line that can also be determined using Fig. 2. A 0.64 value is
control angle. obtained. It is important to observe that, again from Fig. 2, a

minimum current control angle of about 120° is expected,

V.Vh'le the other is the ratio be_tween the maximum allowed %hich can be considered acceptable to get a sufficiently low
link voltage Ucmax and the line voltage peak valuegh input current harmonic distortion.
Given the desired control angle, using Fig. 2 it is possible to

determine what are the maximum modulation index M and d& Converter design

link voltage U compatible with that angle. Based on an estimated efficiency of about 80% the average
Fig. 2 also shows that it is not possible to achiev@put power absorbed from the grid is about 6.25 kW.
simultaneously an high modulation index M and the fulrherefore the expected input current is about RfsATo
control of th(_a Ilng current. Moreover, increasing the dc linkmit the peak to peak current rippé,,, to about 20% of the
voltage also implies a reduction of the current control anglepeak input current a suitable value for the input inductor can
When the input voltage does not satisfy (4), two situationss selected according to the following equation:
are possible: if |l{B)] < Uymin (2) shows that the line current U
will be forced to decrease to zero and the converter will L :ﬁ
operate in discontinuous conduction mode at the input side. _ sw = Lep _
Instead, if |\(8)] > Uymax the input current amplitude will be  Equation (6) is derived calculating, based on (2) and (3),
forced to steadily increase. In both cases the line currdhe maximum of the input current ripple as a function of the
waveform will significantly differ from the ideal sinusoidalinstantaneous line ange In our design, a value of 1 mH was
waveform exhibiting a certain distortion. A careful designselected.
anyway, allows to achieve a satisfactory line side behaviour,As far as the dc link filter capacitor is concerned, the
as it will be shown in section V. selection of its value can be made imposing a suitable voltage
Finally, we must observe that, during each modulatioiPple across it. As in any PFC, the dc link capacitor works as
period, one of the two load powering phases implies tif energy tank supplying power to the load when the
absorption of power from the line. This means that theulsating input power is lower than the power required by
converter cannot operate in no-load conditions, because tgad and accumulating energy when the input power exceeds
power flow from the line to the converter in each modulatiothe€ output demand. This power exchange determines a
period cannot be reduced to zero nor even reversed, due/@fage fluctuation at twice the line frequency, whose
the presence of the input diode bridge. In other words,aplitude is directly determined by the size of the filter
minimum load must always be guaranteed to ensure t@@pacitor. Considering an instantaneous power balance, the
power balance. Moreover, when the output power gets cloglowing equation can be derived:
to the minimum level, the control of the input current is lost. |

(6)

i d
Anyway, we will show that for our design, acceptable C:ZDTDIW_D;U ; (7)
operation is possible down to 10% of the nominal output line depp
power. which relates the capacitor value to the desired peak to peak

voltage ripple. Currentiy| qc represent the average inverter
current needed to produce the required output power and the
losses. In our case, a voltage ripple lower than 10% of the



Si3
nominal U value is desired, which requires a capacitor valu

of about 80QuF. We note that the capacitor current due to th
low frequency ripple turns out to be about 9,4 which
seems to be an acceptable value.

As far as switches and diodes are concerned, it is or
required to estimate the current stress, since the voltage stt
is evident from the schematic of Fig. 1 and is equal tddy
each device. The current stress of the upper switches is o
due to the load current and is therefore lower than the low
switches’ stress. For the lower switches, the input current a
to the load current, determining the required rating of th
devices. To give an example, in our design, which assume:
unity transformer turns ratio, the switches need to be rated 1
a maximum peak current of about 65 A.

The design of the output side of the converter is quil
straightforward, since it is based on a conventional forwai
structure. Given the desired output voltage, the transform
turns ratio can be determined. The inductive-capacitiv
output filter, instead, can be designed considering tf
maximum allowed inductor current and output voltage
ripples.

V. CONTROL STRATEGY

We propose now two different control strategies for th h
converter of Fig.1, the former inherently analog an C
relatively simple to implement, the latter fully digital in p
nature and, for some aspects, more advantageous. It is wc
noting that, in the following presentation, we consider it Vo h
detail only the input current control and the modulatiol G
strategy, since the control of the output voltage and, possib R
current is completely conventional. This can be any kind ¢ /]/|
standard voltage mode or current mode control applicable
a forward converter. Note, however, that the dynami Vi, o— @ -
variations of the modulation index of the converter M
defined in (1), which may be required by the output voltag
control, may cause the input current controller's saturatio fig. 3 Scheme and operation of the analog PWM modulator for the
since this only operates during the load free-wheeling pha: proposed topology.

In general, to cope with this situation, it is possible either t. i )

limit the variations of M, so as to preserve input currertfovides the input signal y for the modulator, whose
control, or to sacrifice the input current control in th@Peration is described by Fig 3. . o
presence of dynamic load variations, in the case output!"® modulator is actually derived by modifying a
voltage regulation is considered more important. Anyway, frenventional phase-shift PWM controller. The logic state of
the following presentation we will not take into account th§® inverter legs (variables $and $.) is determined by two
interaction between the two controllers, practically assumirfgVM signals, phase-shifted proportionally to signal,V

O—oOOor

the modulation index M to be a constant. which is generated by the output voltage controller and, as
previously said, is assumed to be constant in this analysis.
A. Analog control strategy The pulse width, instead, is independently adjusted

A possible analog control strategy for the converter can pgoportionally to signal , generated by the above described
based on a typical two-loop PFC control, with a customisédput current controller. This way, as shown in the upper part
PWM modulator. As usual, the outer loop controls the dc linkf Fig. 3, a three level voltage,Us obtained, whose load
voltage U and determines the amplitude of the input curremowering phases have always equal durations, as required by
reference. This is obtained by multiplying the rectified linéhe insulation transformer. The two free-wheeling phases
voltage and the }J voltage controller output. The innerinstead, have, in general, different durations, as required by
regulator, instead, processes the line current error aif@ input current control. In particular, Fig. 3 shows the effect

of a variation of signal {, which modifies the input current



duty-cycle o, without affecting the modulation index M. . L
H . . . . =- — J - s —
Fig. 3 also shows a possible practical |mplementat|on,6(k+l) o(k) [geq o(K) Ig(k)] TSWdeCEQl—M)+

requiring only three comparators and simple logic circuitry. > M (10)

This control strategy provides the minimum number of + - .
switch commutations, but presents an unsymmetry in the (=M)W; 1-M
allocation of the powering phases within the modulation It is worth noting that, to avoid a division and further
period. This implies an harmonic component at thsimplify the control algorithm, the variation of the dc link
modulation frequency on the load side inductor current, thaoltage Udk) has been neglected and its nominal valye U
could be eliminated if the powering phases werbas been used as a constant factor in (10). This implied no
symmetrically located with respect to the half of thearticular worsening of the control performance, as it will be
modulation period. In order to do this, a different modulat@hown in section V. It is also worth noting that (10) allows to
is needed and, moreover, additional switch commutations gompute the duty-cycl® for the modulation period following
each modulation period are unavoidable. the one in which the calculations are performed. This means
B. Digital control strategy that a complete modulation period is the allowed computation

We focus now on a fully digital input current controlt'me for the microprocessor implementing control equation

strategy. As it was explained above, during the powerirzéo)' Moreover, being a dead-beat type of control, this

) : . 18chnique guarantees an excellent dynamic performance;
phases of the load, no control of the input current is possible.” .
N . . : ovided that all the parameters of (10) are exactly known,
It will increase or decrease depending on which diagonal

the bridge is turned on and on the sign of the input voltagreé.e controller is able to respond to variations of the current

The free-wheeling interval, instead, allows the control of the ference with a delay equal to two modulation periods [8],

. -and so with minimum tracking error.
input current. The current controller has to select the duration : ) .
In order to avoid the necessity of a division, when the

of each of the two free-wheeling states of the converter so dori . )
. algorithm operates on a variable M instead that on a constant
to make the current track its reference.

A possible strategy to achieve this result, which is suitevt?!ue as supposed by (10), the control equation can be re-

R . : written considering a new control variable for the input
for a digital implementation by means of a m|croc0ntrolle5urrent which is defined as follows:
and dedicated PWM modulator exploits the following '

discrete-time equation: y(K) =[1-M (K) (k) . (11)
i (k+1) =i (k) = U, (k) B + The substitution ofS(k) with y(k) greatly simplifies the
¢ g ¢ L ®) control equation in the case of a variable M. Clearly, the
mY Tew control of the converter switches has now to be based on
_Ef_é(k) qu_M)a]Udc(k)GL_ variable y(k), which implies a proper organisation of the

. modulator.
Wh'Ch relates the_dgty—qycle of currgnt con_tﬁQk) t(.) the A suitable PWM modulation strategy has been devised,
input current variation in a modulation period, going from

L . ! . which allow r rl r h ntrol of the | n
the generic instant(K, to the following sampling instant ch allows to properly operate the control of the load and

(k+1)Ts,. Equation (8) assumes that all variables are sample

at the beginning of each modulation period. A predictive

control law [8] can then be based on (8) and used t Si3

determine the value di(k+1), assuming thag(k+2) is given

by: 0
ig(K+2)=geq Uy(K), (9) S

where gy is the equivalent input conductance of the
converter. This can be automatically adjusted by a simpl 0
regulator (typically of Pl type) controlling the dc link voltage Tsw/2
Uqe, again as in any PFC. It is worth noting that (9) assume 1 Tek
that the input voltage does not change significantly from ¢ T e
modulation  period to the following so that M/2
Uy(K) OUq(k+1) OUy(k+2). This hypothesis is normally 0
verified, thanks to the high ratio between the input voltage 0 10 20 30 40 50
frequency and the sampling (and modulation) frequency. Th [hs]

final control equation can be directly computed as follows: Fig. 4 — Operation of the digital PWM modulator. State of the

inverter legs (83and $.4). Main counter ik and auxiliary
counter Tei.




of the input current, once the modulation index M and the
control variabley are provided by the above described 0.8
external controllers. Fig. 4 describes the modulation proces ' P
showing the fundamental modulator variables that is: the /’ \
logic state of each inverter leg, the counter implementing the 0.6 /f'l \
main clock which defines the modulation period,{Tand the % X
counter which implements the secondary clock T’ 04 f', \
enabled only during the load free-wheeling phase. As can b ' f \
seen, the modulation period begins turning on the bridgt / \
diagonal which forces a positive voltage on the load. The 0.2 \
duration of this interval is J[W/2. Then, a free-wheeling 7
phase for the load begins which forces on the input inductor 0 L \
negative voltage. The duration of this phase igyT The
secondary counter is loaded with thevalue and starts its 0 90 180
count-down at instantg[lW/2. In casey exceeds the duration 8 [deg]
on interval T,/2[(1-M), as in Fig. 3, the execution of the free- _ _
wheeling phase is suspended and the opposite load powerii T9- 5~ Comparison between the duty-cydh) given by (3)
. . . . . (dashed line) and the actu®(0) (solid line) determined by

phase begins, at instan{,/22. Note that in this condition the simulating the converter and its control.
secondary counter also suspends its count-down. Afte
another interval of duration oJ[M/2, the execution of the constant modulation index M = 0.4 was assumed in all the
interrupted free-wheeling phase is resumed in order following simulations.
complete the period of duration,Jy, required by the input  Fig. 5 shows the comparison between the duty-cycle of
current control. When Tji gets to zero the first free-wheelingcurrent control3(8) as given by (3) and the actud)(6)
phase is over. To complete the modulation period, t@ming from the implementation of the proposed current
opposite free-wheeling phase is activated, whose durationcintrol strategy. As can be seen, several differences between
clearly T, [{1-M-y). Of course, this phase can be startethe theoretical and actual waveform can be noted. The
before instant J,/2, in casey does not exceedgJ2[(1-M) distortion of the actual waveform is due both to the dc link
and Ty gets to zero before instang /2.

Another important feature of this modulator is that the

TABLE Il — CONVERTER PARAMETERS

logic states of the inverter legs are switched when the input Line voltane U 240+10%  Vrus
voltage reverses (S becomes S, and $., becomes S;). Output power B 5 kw
This way it is possible to achieve a perfectly symmetrical Switching frequency s 20 kHz
input current ripple, minimising the low frequency input Input inductor L 1 mH
current distortion. Dc link capacitor C 800 uF

Clearly, this type of modulation scheme is not immediately ] i
available in any micro-controller.  Therefore avoltage rlpple and to thelllne frequency voltage drop across
micro-controller with a significant counter programmabilitth® input inductor |, which have been neglected in the
has to be selected in order to implement this function. As 8grivation of (3). The step variation 6{(6) is due to the
alternative, an FPGA based custom PWM modulator shout@nverter operation in discontinuous conduction mode
be developed. The main advantage of this scheme is to alldd=M) which has also been neglected in the derivation of (3).
the symmetrical allocation of the load powering phases witfractically, when current regulation becomes possible, the
respect to the half of the modulation period, reducing tH@nverter still operates in DCM, which keép®wer than the
ripple on the output side current and voltage. As mention€¥pected value. When the converter starts to operate in CCM
above, its main drawback is the increase in the number tBg difference between the waveforms becomes very small. It
switch commutations per period. is worth noting that there is not a similar step variatiordfor
when the converter re-enters the DCM close to 180°. Since
the signald, presents a practically constant slope, it seems to

The converter and the digital control strategy discussed Be following the ideal waveform. The current control angle is
far have been tested by means of numerical simulatiodgyway quite close to the expected one as given by Fig. 2 for
performed in the Matldbenvironment using the Simulilk M = 0.4, i.e. slightly lower than 140°.
tool. The main goals of the simulations are the verification of Fig. 6 shows the input current in line half period. It is
the design procedure and the test of the control strategy. THssible to see that the instantaneous current ripple is limited
parameters of the simulated converter are the ones presefi@edess of the 20% of the current peak value, as it was
in Section Ill, and summed-up in Table Ill. Note also that a

V. SIMULATION RESULTS



4 50
35 : 45
3 IM I |l[“ 431(5)
25 i i
A | i 30
2 i (Al 25
i ! 20
15
......... 15
10 )r( I 10 )Ji
5 ! | 5

006 0062 0064 0066 0068 0.7 002 0022 0024 0026 0028 003
[s] [s]

Fig. 6 — Input current in a line half-period. Fig. 9 — Line current control step response.

As far as the line side behaviour of the converter is
concerned, Fig. 7 shows the average input current and the line

40 400 voltage in a line period. The current total harmonic distortion
30 //ﬁ\\ 300 (THD)), calculated considering harmonic components up to
20 200 2 kHz, is about 8.9%. The power factor (PF) is practically
10 // \ 100 unity (0.989). Clearly the converter is capable of complying
with low-frequency EMC standards. The same waveforms are
; shown in Fig. 8 for operation a o of the nominal outpu
(Al © | 0 [V] h Fig. 8 f tion at 10% of th | output
10 e 100 power. This is very close to the theoretical minimum power
20 \\ / 500 (470 W) allowing the proper converter operation. In this case
Ug\\ / the THD turns out to be 17.96%, while PF is again
-30 N 300 practically unity (0.981). Only above this minimum load level
40 400 i
106 0065 007 0075 o008 the converter can be successfully controlled according to the
[s] strategy we described.
Finally, to describe the dynamic behaviour of the proposed
predictive input current controller, we suppose that a step
Fig. 7 — Filtered line curreng ingand line voltage kat nominal variation in the g, parameter of (9) is generated by the
output power. dc-link voltage controller. As shown by Fig. 9, the controller
shows an excellent dynamic performance, rapidly increasing
the input current amplitude and exhibiting no stability
8 400 problems.
6 AT 300
7/ \ VI. CONCLUSIONS
4 200
2 //- \ 100 The paper presented a new compact, integrated ac-dc
converter. The topology integrates an high-quality rectifier,
[A] © \i / 0 [V] which is capable of providing high power factor and low
2 & 100 distorted input currents in a wide load range, and a
4 / 200 conventional full bridge inverter. The converter is described
U@N / i in detail, the structural limitations of its operation are
6 = 300 highlighted and a design procedure is given. The paper then
-8 400 ibi
006 o005 50 5075 008 fc_)cuses on the converter control strz_itt_%gy, des_cr!blng both a
[s] simple analog controller and a fully digital predictive control
technique suitable for microcontroller or digital signal
Fig. 8 — Filtered line currenf kygand line voltage Wat reduced processor (DSP) implementation. In both cases a custom
output power (10% of the nominal value). modulation strategy is proposed which allows simultaneous
expected. The suggested design procedure is therefRut currgnt and c_)utput \{oltage control._ Simulation results
capable of providing the expected performance. are described which validate the design procedure and

illustrate the achievable converter performance.
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