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Adjustable Shunt Regulator Based Control Systems

Tauno Tepsa and Teuvo SuntMember, IEEE

extensively used to build the control systems in switched-mode
converter applications. The resulting control system is typically
a two-loop system, where one loop defines the low frequency I d °
behavior, and the other loop the higher frequency behavior,
respectively. The shunt regulator is regarded to possess charac- »
teristics similar to an operational amplifier, even if it is basically T

Abstract—Adjustable shunt regulators known as TL431 are i * .

a transconductance amplifier having current as an output signal

instead of voltage as well as positive feedback instead of negative A i PwM[¢
feedback. The small-signal response of a shunt regulator shows

that it may be modeled as a voltage-controlled current source [

with a small transconductance gain and an equivalent capacitor
as output impedance, which may be extracted from the open-loop
frequency response by inspection. The variance in the parameters _ ) o
may be high depending on the manufacture, and operating point, Fig. 1. TL431 based control system in a battery charger application.

i.e., cathode current, which is normally chosen to be close to 1 mA

due to the specifications. The analysis shows, however, that theis a transconductance amplifier [9] that may be modeled as

cathqtde CU”ertlt Sh?]y'ld be 3{}1 |%aSt 5 mAt for Staé)'etheqUivat'erllt a voltage-controlled current source with a transconductance
Clrcul arameters. OwW catnhoae current IS use e contro H H
systempmay not be better than a Zener diode replaéing the shunt gf"“” and _outpu_t impedance. The open-loop frequency response
regulator. given typically in respect to the cathode-anodg voltage [1]-[5]
shows that a constant transcondcutance gain and an output
capacitor may be sufficient for representing the internal dy-
namics of a shunt regulator. The low-frequency part of the
frequency response may represent the transconductance gain
|. INTRODUCTION multiplied by the cathode termination resistor, and the cut-off

DJUSTABLE shunt regulators such as e.g. [1]-[4], Cor.[{_requency the inverse of the output capacitance multiplied by
A monly known as TL431 and developed in the late 1976@9 cathode termination resistance, respectively. The frequency
fsponse and its corresponding test set-up shown in [5] may not

[1], are extensively used as a basis for switched—mode-c% iilized for th ¢ tracti b th thod
verter control, especially in low-cost high-volume application € utiized for the parameter extraction, because the cathode

[5]-[7]. This is due to the simplicity of building the control {€"Mination resistor is r?m specmeq. V1Vhendc03mp?r|ng trge
system; the output of the shunt regulator may be used direcfﬂ quency responses shown, €.g., in [1] and [3], it may be
to drive an optocoupler isolating the control loop and a ve vious that the equwalfan_t cireuit parame_ters may haye Iargg
low number of additional components is needed for a controll nufacturer-based variations. The described dynamical defi-

implementation [8]. A typical structure of such a controller i§|encies are not typically considered in the loop-gain analysis
shown in Fig. 1 as, e.g., in [5]-[7] even if they may have crucial effects on the

Typically the shunt regulator is connected to the system ﬁ:ﬁ)ntrol system behavior.

such a way that both the cathode (i.e., via optocoupler diode)We will present in this paper a more detailed analysis of

and the reference input are connected to the output volt ghunt regulator based control system. It will be pointed out

forming a two-loop control system [5]-[11] known [10] as fagfhat the dy”am_‘c'?' deficiencies d_ue to _rather large manufac-
grer—based variation, and operating point dependence should

loop and slow loop (Fig. 1) due to their dominating frequenc . ;
ranges. The slow loop is considered to introduce negati gcarefullytaken into account for robust controller design. The

feedback similarly to operational amplifiers [5]-[7]. ThefSsociated two-loop system is not well known among the prac-

reference input is, however, a noninverting input and therefof'"d engineers due to the assumption that it operates like an

both of the loops are positive feedback loops in respect ?8erational amplifier.

the output current of the control system. The shunt regulatorT.he hotation conventions in this paper are as follows. The
capital letters denote theC values orLaplacevariables, the

hatted small letterac or perturbedvalues, and the small letters
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Fig. 2. High-level equivalent circuit.

Fig. 4. Typical control system based on TL431.

Ref (+)
I1l. CONTROL SYSTEM
L?A A typical control system built around TL431 is shown in

Figs. 1 and 4, wherél,, is the output voltage sensing gain, and
Z:n its Thevenin impedance. From the loop gain point of view,
the essential transfer function is the transfer function from the
output voltageu, to the curreni g flowing trough the diode por-
tion of the optocoupler. This transfer function is actually a sum
of the slow and fast loop transfer functions, which may be com-

mented as a Darlington stage [1]. The capacitor between q}léted from Fig. 4 utilizing the small-signal equivalent circuit of

base of the Darlington stage and the cathode is reflected &5431 shown in F|g._3.The bias resisti; (F'.g‘ 4) s typically
output impedanceZ,) shown in Fig. 3. The equivalent circuitmUCh larger tharti, (i.e., 1k(.2 vs. 1092) having therefore, no
parameters may be extracted from the frequency response c?zgft%(:t on the system dynamics. ,

usually presented in the associated data sheets in respect to tl$eee (1)-(3) at the bottom of the page. The resulting slow

. 1 [Uo—s d fast(ix /u,— ) loop transfer functions are de-
cathode-anode voltage (i.e.x4) [1]-[4]. The frequency re- (1 /1ho—5) @N f . )
sponse displays first-order behavior, where the low-frequenfiy€d In (1) and (2), respectively. The notations used in (1) and
) (Fig. 1) are specified in (3).

gain corresponds to the product of the cathode termination XA i i
sistor and the transconductance gaip, and the cut-off fre- If considering a control system of the proportional-integral
| R;+1/sCy), the general transfer functions

quency to the inverse of the product of the equivalent outp{ft) yPe (i-e-Z; = _
capacitance (i.eZ,, Fig. 3) and the cathode termination resisll (1) @nd (2) may be developed as shown in (4) and (5). The

tance. A 232 resistor is commonly used as the termination r&2Me transfer functions according to [5]-{7] are (7) and (8).
sistor [1], [2] but may vary among different manufacturers [3].

©)

Fig. 3. Small-signal equivalent circuit.

The low frequency gain is typically from 50 to 60 dB corre- . Hygom (1 +s (Rf _ 1 ) Cf)
sponding tog,,, from 1.36Q~! to 4.3Q~1, respectively. The K gm @)
typical cut-off frequency [1], [2] is about 10 kHz corresponding Uo—s A
to an output equivalent capacitor of 70 nF. Some of the shunt iK _ $%(Rin + R§)CtC, + 5(Cy + C,)
regulators [3] seem to have a higher gain output stage. This re- o B
sults in higherg,,, and output capacitor, 22~! and 3.2uF, $RingmCr (14 s(Rin + Rf)Cy)
respectively. + 15 (5)
iK HyZo(Zygm — 1) 1)
'&'o—s N (Zzn + Zf)(Rd + Zo) + I%dZo(1 + Ztnqm)
ik Zin+ Zs + Zo
aa—f B (ZLn + Zf)(Rd + Za) + RdZo
+ ZinZ2(Zin + Z5)m @
(Zin+ Z§)(Ra+ Zo) + RaZ,) (Zin + Z§)(Ra+ Zo) + RiZo(1 + Zingm))
Zi — RianinZ Hy — Rin2 (3)

Rin1 + Rino Rin1 + Rino
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Fig. 5. Open-loop frequency-response test setup.
Fig. 6. Open-loop frequency response for TL1431 [4faty = 10 mA.
The low-frequency gain (upper curve) is approximately 52 dB, and the cutoff
whereA and B3 are as follows frequency 7.2 kHz. The phase is the lower curve.
2
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The maximum gain of the slow loop &, g,, up to the low-
frequency pole located approximatelylatR;,, Rqg..C after
which the gain decreases with slop@0 dB/dec up to the zero
1/R¢Cy. If comparing the actual slow-loop behavior to (7), the
main differences are the limited low-frequency gain, and pha
behavior. The fast loop behaves as a derivative loop up to t '« . ", POUER —40 dBn S 3762 st
same low-frequency pole as the slow loop after which its ma STRRT 18 Hz STaR 10 1z |
10 Frequency (Hz) 10

imum gain is close td/R,. This is because the zeros and poles,
except the slow-loop pole, are _typ|cally located close to eag[&. 7. Open-loop frequency response for TL1431 [4Jfat: = 1 mA.
other, and are, therefore, effectively cancelled. If the transcorie low-frequency gain (lower curve) is approximately 24 dB, and the cut-off
ductance gainy,,, is small, the control system response corrdtequency 9.5 kHz. The phase is the upper curve.

sponds tol /R, or is equal to the use of a Zener diode instead

of the shunt regulator. shown in Fig. 7 showing a dramatic reduction of transconduc-
tance gain from 1.80~! to 0.07Q . The equivalent capacitor
IV. EXPERIMENTAL SHUNT REGULATOR ANALYSIS value is only slightly reduced from 100 nF to 75 nF. This test

The open-loop frequency responses of certain shunt reg hows that the equivalent circuit parameters will stabilize when
e cathode current reaches about 5 mA.

tors were measured using the test setup shown in Fig. 5. Thé
open-loop frequency responses are normally given using the
cathode currentx 4 = 10 mA [1]-[4]. The minimum operating
current is recommended to be at least 1 mA [1]-[4]. Therefore, The control system in Fig. 1 having,, = 9.17 kQ, Cy =

the bias resistoR, (Fig. 4) is chosen typically in such away thatl00 nF, H, = 0.49, andR; = 30 Q2 was analyzed using,,

the 1 mA requirement is met, and therefore, the overall cathodedC, as 0.0%2~', 44 nF; 0.2342~ ', 41 nF; 0.3, 35 nF,
current may be only slightly more than 1 mA. Fig. 6 showand 0.45Q~!, 30 nF corresponding tbx 4 = 1 mA, 2 mA,

the measured frequency response for TL1431 [4] at the cath@&lmA, and 10 mA, respectively, for a certain shunt regulator as
current of 10 mA. The first-order nature is obvious, and the revell as 22.32~1, 3.2 F for the shunt regulator specified in [3].
sulting parameters arg, = 1.81 Q! andC, = 100 nF. The The results of the analysis are shown in Fig. 8, and compared to
open-loop frequency response at the cathode current of 1 mAaisideal model, wherg,, is infinite andC, is zero. The model

V. CONTROL SYSTEM FREQUENCY RESPONSE
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effectively modeled as a voltage-controlled current source with
a constant transconductance gain and an equivalent capacitor as
output impedance. These equivalent circuit parameters may be
extracted from the open-loop frequency response but are highly
dependent on the manufacturer and the operating-point cathode
current. In the worst case, the resulting control system would
not be much better than using a Zener diode instead of the shunt
regulator. The observed dependence of the gain on the level of
the cathode current may result in a high variability of the system
gain at the frequencies near the typically used control system
bandwidth.
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