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ABSTRACT

This application note discusses techniques using amplifier closed-loop output impedance (Z;) to solve
load-dependent stability issues.
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Introduction

Amplifier stability is load-dependent. An amplifier that is stable with a resistive load may ring or oscillate
with a reactive load.

The traditional method for evaluating the impact of loading on the stability of a closed-loop amplifier
involves analyzing Bode plots of the amplifier loaded loop-gain function. The load element interacts with
the amplifier open-loop output impedance (Z,) to alter the frequency response of the amplifier loop gain
function, and the available stability margins. Analyzing these load-induced changes in loop gain requires
open-loop conditions or breaking the amplifier feedback loop. Breaking the loop is not possible in the case
of closed-loop amplifier devices such as current-sense amplifiers because the feedback loop is internal to
the device and cannot be manipulated.

Nevertheless, there is a closed-loop amplifier property that is affected by changes to loop gain, and can be
used for stability analysis without breaking the loop. This property is the amplifier closed-loop output
impedance (Zy7), an increasingly common specification in the data sheets and SPICE macro-models of
TI current sensing and precision amplifier products. This application report demonstrates through TINA-TI
SPICE simulations a method of using Z,; to analyze the stability of an amplifier load transient response
under various load conditions.
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2 Basic Properties of Electrical Impedance

2.1 Measuring Impedance

Before delving into the details of closed-loop stability analysis, a review of a few basic concepts relating to
electrical impedance is helpful. Impedance is the current-to-voltage transfer gain over frequency, of an
electrical circuit or component. The stimulus is an ac small-signal current input of variable frequency, and
the response is the resulting change in voltage at the test frequency. Impedance is then calculated by
applying Ohm'’s law to the recorded changes in current and voltage.

Figure 1 depicts the impedance test circuit. The unknown impedance (Zg ocx) is excited by an ac small-
signal current (I, oxp) Of frequency f, with the other terminal driven to a fixed dc voltage (Vpc). If Vprop(f) and
I oao(f) are both measured at time instants t, and t,, then by Ohm’s law, the following two equations are

derived:
Vpropr(f)(t1) = Vpc +ILoap (P (tr) x ZgLock (f) o)
Vbropr(f)(t2) = Vpc +ILoap(f)(t2) x ZgLock(f) @)

Subtracting Equation 2 from Equation 1 and solving for Zg, oc«(f) yields Equation 3.
Voror(fft)-Voror(fltz) _ AVbror(f)
ILoaD(f{t1)-ILoaD(f)t2) AlLoan(f) (3)

Zg|ock(f)=

AV prop(f) @and Al oxpo(f) represent changes in Vpgoe and | oo between time instants t;, and t,. Therefore,
there is no difference in the value of AVprop Whether Ve is measured with respect to V. or with respect
to GND.

Y

Voror(f)  +

. Zgiock(f) .

Voe (= OVAC)_— AVprop(f) CT) I/\(f)
LOAD

Z 0=
prock Al oap(f)

i

Figure 1. Impedance Test Circuit
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Figure 2 shows the test circuit of Figure 1 configured for measuring the impedance of a capacitor (C,). In
this case, the response is measured directly relative to GND. The 1-GQ resistor (R,) is for simulation only
and is required for dc convergence. Capacitor C, can be substituted with any two-terminal device to
measure the impedance of the circuit.

R1 1GOhm
NV

C1l 1uF
| | .

VDC 5V T ILOAD iVjVDROP

F——ll——

Figure 2. Measuring Zcapaciror

2.2 Visualizing Impedance Using Bode Plots

Impedance, like any ac gain transfer function, is a complex function of frequency having magnitude and
phase, and usually represented using Bode plots to simplify analysis. Figure 3 shows the Bode magnitude
and phase plots of the ideal resistive (purely real) and reactive (purely imaginary) impedance elements.

100k~

— abs(Zgr)
E K
(€
o 1004
o
g 104
3 abs(Z,)
E 14
100m-
10m
180+
arg(z,)
e 90
= arg(Zg)
@ 0
e arg(Zc)
& 90
-180 — ]
10 100 1k 10k 100k 1MEG 10MEG

Frequency (Hz)

Figure 3. Bode Plots of Ideal Resistive and Reactive Impedances

Observe that the linear magnitude characteristic of the capacitor over frequency is the result of using
logarithmic scales for the vertical and horizontal axes.

4 Closed-Loop Analysis of Load-Induced Amplifier Stability Issues Using Zqr SLYAO029-October 2017
Submit Documentation Feedback
Copyright © 2017, Texas Instruments Incorporated


http://www.ti.com
http://www.go-dsp.com/forms/techdoc/doc_feedback.htm?litnum=SLYA029

13 TEXAS
INSTRUMENTS

www.ti.com Basic Properties of Electrical Impedance

2.3 Poles of Z., Determine Load Transient Stability

Impedances combine in series or parallel configurations. The combination of resistive and reactive
elements in a circuit produces poles and zeros in the Thévenin equivalent impedance function (Zg,). The
locations of the poles of Z., in the complex s-plane determine the stability of the circuit response to load
transients. For a detailed review of pole-zero analysis of system transfer functions, see Understanding
Poles and Zeros .

For most circuits, a stable transient response is one that converges asymptotically to a finite, steady-state
value without ringing. Based on Figure 4, the required transient response is obtained from a transfer
function (Zg,) with poles that are not only all in the left half plane (LHP), but are also purely real (that is, lie
on the negative real axis marked by the red line in Figure 4).

jxIm(s)

v

(0, j0)

A

P Re(s)

A

Figure 4. Transient Response Based on Various Pole Locations in S-Plane
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2.4 Finding Poles and Zeros of Z,

The poles and zeros of Z, can be found by solving for the roots of the denominator and numerator,
respectively. For example, the Z., transfer function of the circuit in Figure 5 is given by Equation 4.

L ImH R 100hm VDROP
ANAN AN

r
\

+ LL

= VDC l
I |
I

Figure 5. Example Circuit With Both Series and Parallel Impedance Combinations

T ILOAD

C1lu

R+sL

ZeQ(S)=(ZL+ZR)IZc=—"%5—
EQ LTeR c 1+sRC+32 LC

(4)
Table 1 summarizes the procedure to solve for the poles and zeros of Zg.

Table 1. Computation of Poles and Zeros of Equation 4

Zeros of Zg,

Poles of Zg,
Denominator(Zgqg(s)) = O Numerator(Zgq(s)) =0
=1+ sRC+52LC =0 >R+sL=0
R
R 1 =8z1=—

_ _ R, (RY
>soe= 5 +| (2] ¢

Substituting Values of R, C and L From Figure 5:

Spip2 = ( — 5000 + j31225) 24 sz1= (—1000 + j0) 24

| Re(sz1
ot = 02l _ g 07 iz =) 4 59 Khz
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The following observations can be made based on Table 1:
* Zg, has a single real LHP zero (that is, has negative real part) corresponding to f = 1.59 kHz.

* Zg, has a pair of LHP complex conjugate poles corresponding to f = 4.97 kHz, indicating an oscillatory
transient response with 4.97 kHz frequency, as shown in Figure 6.

100.00u—

ILOAD J

0.00
3.38m—

VDROP

'46939[4 T T ‘ T T ‘ L ‘ L ‘ L ‘ T T ‘ T T ‘ 1T ‘ L ‘ LI ‘
0 100u 200u 300u 400u 500u 600u 700u 800u 900u 1m
Time (s)

Figure 6. Unstable Transient Response of Circuit in Figure 5

In many cases, the poles and zeros of Z, can also be identified graphically using Bode plots. The general
shape of the Zz, magnitude plot can be obtained by superimposing the magnitude plots of the individual
impedances and tracing the path of the dominant impedance at each frequency. Impedances with higher
magnitude dominate in a series combination, and impedances with lower magnitude dominate in a parallel
combination. Figure 7 shows an example.

100K -
ok Z
T 1k T Zeo= @+ ZR) N Ze
(=] T
‘s 1004 — -
= Z
g 10 f
g
E 14 .
Z
100m +
10m
90
= 45+
()
k=
2 0
&
& 451
-90 T T T T T 1
10 100 1k 10k 100k 1MEG 10MEG
Frequency (Hz)
Figure 7. Bode Plots of Z, for Circuit in Figure 5
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After the shape of the Z., magnitude plot has been constructed, standard rules (summarized in Table 2)
can be applied to identify whether the break frequencies correspond to poles or zeros, as well as whether
they are real or complex.

Table 2. Pole and Zero Signatures on Bode Plots

Magncii:?ir;gslgz ilrg?ligfstEAK Change in Phase Around fgreak fereak COrresponds to
20 dB/decade 45°/decade over 0.1fggeax < f < 10fggeax Single real LHP zero

N x (20 dB/decade) N x (45°/decade) over 0.1fggeax < f < 10fggeax N real repeated LHP zeros

—20 dB/decade -45°/decade over 0.1fgreax < f < 10fggreax Single Real LHP pole

N x (—20 dB/decade) N x (-45°/decade) over 0.1fgpeak < f < 10fgreax N real repeated LHP poles

Peak Sharp decrease Pair of complex conjugate LHP poles
Notch Sharp increase Pair of complex conjugate LHP zeros
20 dB/decade -45°/decade over 0.1fggeax < f < 10fggreax Single real RHP zero

—20 dB/decade 45°/decade over 0.1fggeax < f < 10fggeax Single real RHP pole

Peak Sharp increase Pair of complex conjugate RHP poles
Notch Sharp decrease Pair of complex conjugate RHP zeros

Applying the rules specified in Table 2 to Figure 7, Zc, has a real LHP zero around the Z; — Z, matching
frequency (1.59 kHz), and a pair of complex conjugate poles around the Z, — Z. matching frequency (4.97
kHz). In this case, the complex conjugate poles physically represent resonance due to the Z, — Z.
interaction when | o, Stimulates the circuit.

2.5 Stabilizing the Load Transient Response
Ringing can be eliminated by making sure that Z, has no complex poles. Referring to the expression for
Spip2 IN Table 1, the poles of Z., are real if the quantity under the square root is positive. Assuming the
values of L and C are retained, and the value of R is varied, Equation 5 specifies the values of R that
stabilize the circuit.
R\ 1
2] — e 20
L
22%x, = = R
R=2 I c 63.25 Q ©)
Table 3 computes the effect of setting R = 2 x (L/C) on the poles and zeros of Zg,.
Table 3. Z¢, Poles and Zeros With R = 2 x N(L/C)
Poles of Zg, Zeros of Zg,
R R\2 1 1 sq= —R_-__2 _oxg
Pp2= ~ 20 2] TLe /LC yLC
Substituting values of L, and C from Figure 5:
spip2 = (— 31622+ jo) "¢ sz1=(—63245+j0) "¢
Re(s _ Re(sz1)| _
- (zfripz)\ 503 KHz fy= D820 _10.06 KkHz
8 Closed-Loop Analysis of Load-Induced Amplifier Stability Issues Using Zqr SLYAO029-October 2017
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Zcq no longer contains complex poles, and Figure 8 confirms the circuit’s stable load transient response.

100.00u— 100K —
10k f\ p
ILOAD ] ] . Z z
T 1k~ e
5 ST
e B . ot Zr = 63.25Q
0.00 — g 10073 - £
6.32m — g 1
T 10+
Q 3
g 4
1+
VDROP | ] Zeq = (2 + Zr) Il Zc
100m—
0.00 T T T ] 10m LI L e 1 e B B B 11 B B N A ) B MR e AR
0 250u 500u 750u 1im 10 100 1k 10k 100k 1MEG 10MEG
Time (s) Frequency (Hz)

Figure 8. RLC Circuit of Figure 5 is Stable With R =2 x V(L/C)

In most cases, Bode plots can also be used in an iterative fashion to improve stability. The goal is to
eliminate any peaks in the Z., magnitude plot. Peaks caused by resonant LC interactions are eliminated
by increasing the value of the resistance. Figure 9 illustrates the effect of iteratively increasing the value of
R in the Figure 5 circuit on the magnitude peak and step response. The steady-state error is increasing
because |, op is @ step function and nonzero at steady-state, thus creating a bigger voltage drop as the
series resistance is increased.

200 10m—
20—:
B
<
S 2- S
° ]
§ ;if’ 5m—
B 200m— VDROP[1] 10[0hm] 5 VDROP[L] 10[0hm]
E 1 VDROP[2] 25[0hm] VDROP|[2] 25[0hm]
" VDROP[3] 50[0hm] - VDROP[3] 50[0Ohm]
M~ | = VDROP[4] 75[0hm] VDROP[4] 75[0hm]
1 VDROPI[5] 100[0hm] VDROP[5] 100[Ohm]
2m——v—rrrrnr|—v—rrrrm|—v—v—rrnrr|—v—rrrrnr|—v—rrrnrr|—v—v—rrnrq G T T T T T T T T T 1
10 100 1k 10k 100k 1IMEG 10MEG 0 1m 2m 3m 4m 5m
Frequency (Hz) Time (s)

Figure 9. Iterative Stability Improvement of Figure 5 Circuit

A value of R =75 Q (blue traces in Figure 9) is suitable because this value produces the most desirable
response in terms of gain peaking and settling speed. The value is also compliant with Equation 5.
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3 Properties of Closed-Loop Amplifier Output Impedance (Zq,)
Zout is the frequency-dependent Thévenin equivalent impedance offered to a load by a closed-loop
amplifier. Zy, is measured using the test circuit depicted in Figure 10, and is derived by replacing Zg, ocx
in Figure 1 with the closed-loop amplifier model, consisting of an op amp and a feedback network.

I I
| | Vog(f)
I I
I Zo I
| . AN |

l | AoL(Voc— BVour |

Voc(=0VAC) — : :

| O
| | ILOAD(f)

= AVour(f) Zo
| ZOUT = = | —
| Alpoap(f) 1+ AgLP | =
I I
| Feedback Network |
| ®) |
I I
L. _ _—_———_ _ _ _ J
Figure 10. Z,; Test Circuit

Ao, is the amplifier open-loop voltage gain, and B is the voltage gain of the feedback network.

Z, is the op amp open-loop output impedance. Writing ac node equations (similar to Equation 3) based on

Figure 10, and solving for the gain (AVqyr / Al oap) produces Equation 6.

AVouTt = —AoLB*AVouT + AlLoAD *Z0
AVourt(f) Z0
=27 f)= =
OUT('= Al oap(h ~ T+AoLb ®)

The following observations can be made based on Equation 6.

* Any changes in amplifier stability affecting loop gain (A p) also affect Z, ;. Therefore, Zy,; can be
used to assess amplifier stability.

» The frequency response of Z,,; can be derived from the amplifier Ay, p and Z, transfer functions.
Familiarity with commonly occurring Z; regions over frequency is important for analyzing amplifier
load transient behavior

10 Closed-Loop Analysis of Load-Induced Amplifier Stability Issues Using Zqr SLYAO029-October 2017
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A simple amplifier model can be constructed to explore the effects of loop gain and Z, on Z ;. For ease
of analysis, B is assumed to be constant so that loop gain is determined by A, alone. A, can be
represented using the dominant pole approximation given by Equation 7.

AoL(0)x2rfp1 AOL
AoL(S)=—ro 7
oL(®) s-+2mfp AOL
where
e A (0) is the amplifier dc open-loop gain.
* s =-2nfy Ao is the dominant pole of the A,_transfer function.
* (Ao(0) x 2nfy, 50) is the amplifier gain-bandwidth product. @)

Substituting Equation 7 into Equation 6 and simplifying yields Equation 8.

__‘40 _ Zo
ZOUT = T, Aqp — 1, AoLOBx2ript AoL
s+2mfp AOL
_ s+2mipAoL
ZOUT =20 g 3for aoLx(1+AoLOP) ®)

Observe that Z; has:
» areal zero at's; ,o,r = —2ufp; a0 COrresponding to f;, ,our = foy aoL
* areal pole at Sp oyt = —2af py_noL(1 + Ao (0)B corresponding to o zour = fey_aoL X (1 + AoL(0)B)

* fZ_ZOUT < fP_ZOUT

Additional poles or zeros may be present based on the characteristics of Z,. As described in Modeling the
output impedance of an op amp for stability analysis , Z, can be some combination of the fundamental
impedances: resistive, capacitive or inductive. Therefore, Equation 8 can be examined under each of
these three Z, conditions.

1. If Z, is purely resistive then Z,,; contains no additional poles or zeros and has the general frequency
characteristics described in Table 4.

Table 4. Z,; for Resistive Z5 and Single-Pole A,

Zgu Frequency Range
Resistive 0 <f<f; s0ur
Inductive f7 zour < f<fp z0ur
Resistive f>fe zour

2. If Z5 is purely capacitive (Z5 = 1/ (sC)), then Zy,; contains an additional pole at f = 0, and has the
general frequency characteristics described in Table 5.

Table 5. Z,; for Capacitive Z, and Single-Pole Ay,

Zgu Frequency Range
Capacitive 0 <f<f; z0ur
Resistive f7 zour < f<fp z0ur
Capacitive f>fo s0ur

3. If Z, is purely inductive (Z, = sL), then Z; contains an additional zero at f = 0, and has the general
frequency characteristics described in Table 6.

Table 6. Zg; for Inductive Z5 and Single-Pole Ag,

Zour Frequency Range
Inductive 0 <f<f; s0ur
Double Inductive f7 zour < f<fp z0ur
Inductive f>f sour
SLYAO029-October 2017 Closed-Loop Analysis of Load-Induced Amplifier Stability Issues Using Zqyr 11
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The term double inductive denotes a Z; region with a +40-dB/decade slope in magnitude. A double-
inductive impedance can only occur in an active circuit using negative feedback, but modeling the
impedance as a passive element in a combination is useful for stability analysis. On a linear frequency
scale, the magnitude of Z; in the double-inductive region increases as (Af)? for a Af change in frequency.
Thus, the impedance transfer function of a double-inductive element (L,) is Z,, = s2L,.

The effects of amplifier Z5 and Ay, on Zg,; can be validated through simulation. Figure 11 shows a single-
pole op amp A, model with a dc gain of 100,000 V/V (or 100 dB), and a single dominant pole at 15.9 Hz.
Z, has been initialized to 0 Q. The 1-GH inductor makes sure that the circuit is in closed-loop
configuration for dc convergence, and in open-loop configuration for ac-gain measurement. The 1-GF
capacitor keeps the inverting input of the op amp from floating when the feedback loop is broken.

100
Dominant pole 80
fo_aoL = 15.9 Hz 60l

404

AOL_DC 100k RPL1kOhM | oytput Stage 1 7o 00hm  VOUT

+ + +
N ? >< %

Gain (dB)

20

+ +

I
I
I
X 0] I
I
I
I

|
Q
o)
m
e
CP1 10uF

b - -204
-40.

0-

L11GH

-45.]

Phase [deg]

— T T T T r t
100m 1 10 100 1k 10k 100k 1MEG 10MEG 100MEG
Frequency (Hz)

fo1_aou = 15.9Hz
-90

Figure 11. Op Amp A, Model With a Single Pole
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For measuring Z;, the amplifier must be in closed-loop gain configuration with the appropriate Z,
element, and excited with an ac current source according to Figure 10. Using p = 1 V/V for ease of
analysis, the circuits of Figure 12 through Figure 14 depict Z,; versus frequency for the three basic Z,
types. f; zour = fpr_aoL = 15.9 Hz and fp_zour = fp1_no (1 + Ao (0)B) = 1.59 MHz.
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Figure 12. Z,,r Simulation With Single-Pole A, and Resistive Z,
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Figure 14. Z,; Simulation With Single-Pole A5 and Inductive Z,
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4 Stability Analysis of a Loaded Amplifier Using Z,,; and Z o

The stability of a loaded amplifier can be evaluated by examining the Thévenin equivalent impedance
(Zgo) for complex poles. Zg, for a loaded amplifier is simply the parallel combination of Z,; and Z, 5, as
shown in Equation 9:

Zeq =Zout IZLoaD

where
e Zour Can be resistive, capacitive, inductive or double inductive over frequency.
e Z oap Can be resistive, inductive, or capacitive over frequency 9)

Therefore, the properties of Z, can be studied by considering the various combinations of Zo,; and Z, oap.
Obviously, a resistive Z,, requires no special consideration because a resistive Z,; is unconditionally
stable with any resistive or reactive Z, o,p. From a stability perspective, only reactive Z,; regions are
relevant when combined with specific Z, ., elements, as discussed in subsequent sections.

4.1 Inductive Z, Driving a Capacitive Z, ., or Capacitive Z,,; Driving an Inductive Z, o,

This section analyzes stability issues caused by LC interactions between Z,; and Z oo The analysis is
the same regardless of which element is inductive and which is capacitive. In this case, however, the
analysis focuses on the more common scenario where Zy; is inductive and Z,,,p is capacitive. Both
conditions produce complex conjugate poles in Zg,. The circuit shown in Figure 15 is a typical example.

10k 5
1k 4
100 4
104
14
100m+

Impedance(Ohm)

AOL_DC 100k RP1 1kOhm Output Stage 1~ Z, 1kOhm VDROP 10m 3
7 7 A [F ! ! im
= X w X 90 -

4 - § 4 .
Zioap [
Ig L0 T iLoap g
% -109m 1
£
o

:li 1uF

Figure 15. Example of Circuit With Resonant LC Interaction Between Zq,r and Z, oap

-90 T T T T T T T T d
100m 1 10 100 1k 10k 100k 1IMEG 10MEG 100MEG

Frequency (Hz)

With the individual impedances superimposed, tracing the path of the lower impedance reveals a peak in
the Z¢, magnitude plot around the Z,,; — Z,oap Matching frequency. The peak signifies complex conjugate
poles and the oscillatory load transient response is shown in Figure 16.

10.00u—

ILOAD

0.00—
97.80u—

VDROP

=85, 27U T T T T T T T T T T T T
0 250u 500u 750u im
Time (s)

Figure 16. Unstable Load Transient Response of Circuit in Figure 15
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As discussed in Section 2.5, an LC resonant peak in Zc, can be eliminated by adding sufficiently large
series resistance: R = 2 x \/(L/C) (see Equatlon 5). Whlle the circuit diagram shows the value of C (=
Z,oap), the value of L must be calculated using the Z,,; magnitude plot by identifying a point in the
inductive region. Observing that |Z,| = 50 mQ at f =75 Hz, the value of L can be calculated as L = [Zqy{| /
(2nf) = 106 uH. Thus, the required resistance value for stability is R = 20.6 Q. Stabilized responses are
shown in Figure 17 and Figure 18. Clearly, a value of R in the 20-Q to 30-Q range is suitable.
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Figure 17. Adding Series Resistance Eliminates LC Resonant Peak in Zg,
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Figure 18. Load Transient Response of Figure 17 Circuit is Stable for 20 Q<R <30 Q
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The series resistance creates a steady-state dc error, and takes several milliseconds to settle, which may
not be acceptable in some applications. A simple workaround is to move the resistor in series with the

load capacitor, as shown in Figure 19.
ZLOAD[i]
Ziono[1] = 1pF +0Q

Ziono[2] = 1pF +10Q ra
Z,0a0[3] = 1pF + 20Q
Z,0a0[4] = 1pF + 30Q

Zout

1k

100

AOL_DC 100k RP1 1kOhm Output Stage 1~ R1 1kOhm VDROP

A [F

r

10—

[ 1oap

|
y

Impedance (Ohm)

C1 1uF

| }——i }—'\/\/\ﬁa
R2 00hm|

im L | B B L
100m 1 10 100 1k 10k 100k 1MEG 10MEG 100MEC
Frequency (Hz)

Figure 19. Increasing ESR Also Eliminates Resonant LC Peak in Zg,

There is still a stability improvement because, as shown in Figure 19, the added ESR makes Z, ., more
resistive around the Z,,r — Z,oap Matching frequency, thereby eliminating resonance. Figure 20 depicts the
load transient response as ESR is increased.

290.76u—
VDROP[1] 0[Ohm]
VDROP[2] 10[Ohm]
1 — VDROP[3] 20[Ohm]
= — VDROP[4] 30[Ohm]
b
(0]
S 0.10m—
s
> /\

-85.27u . \

I T ]
0.00 50.00u 100.00u
Time (s)

Figure 20. Load Transient Response With Increasing Z, o,p ESR

Observe that the response becomes increasingly stable, and the dc steady-state error as well as settling
time become negligible. However, the peak overshoot becomes progressively higher as the capacitor
initially sinks most of the load current (a positive step function, in this case), generating a bigger voltage
drop across the ESR. This overshoot may be acceptable in applications where dc accuracy and fast
settling are more important.
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4.2 Double-Inductive Z,; Driving Resistive Z, o
Figure 21 shows the model of a circuit with a double-inductive Z,; driving a resistive Z, op.

10MEG, Zour
100k] Zioap /
€ 1k4
S 0]
Zeq
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IS l 7T ‘ £ imd

- X 5 X £ 10u4

S S . S

7 g T 1LoAD 100

5 = 180

= S L L a B

<

L 3 _
T g
s

= ¥ 135
8
2
[N

90 T T T T T T T T J
100m 1 10 100 1k 10k 100k  1MEG 10MEG 100MEG

Frequency (Hz)

Figure 21. Example Circuit Showing Double-Inductive Zy,; Driving Resistive Z, qnp

There is no LC resonance in this case; however, Z, has an unexpected peak around the Zyyr — Z,opp
matching frequency, and the load step response is unstable, as shown in Figure 22.

10u —
ILOAD
0
100m —
VDROP
L L R o e S S S S |
0 15u 30u
Time (s)

Figure 22. Unstable Load Transient Response of Figure 21 Circuit

For stability analysis in this case, the Z, transfer function must be solved algebraically.

Equation 10 expresses Zg, as the combination of inductive (L;, L,) and double-inductive (L) portions of
Zoyr With resistive Z,oap = R opp = 10 kQ. L, can be eliminated from the expression for Z., because R, gap
dominates Z, at high frequencies.

Zeq = ZouTIZLoaD = ((sL1+°Lp) IsL2) IRLOAD = (sL1+ s°Lp) IRLoAD (10)
_ SRioaD(L1+sLp)
=>ZEQ(s) = RLoAD +s(L1+sLp)

Poles = Denominator(Zgq(s)) =0
= SZLD +sl1+RLoap=0

[ 2
_ _ b, /(L) _Rioap
Spip2 = 2LDi\s“(2LD) TS (1)
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Substituting the values of L, = 132 nH and L, = |Zoy{//(2nf)? = 1 n units (from the Z,,; Bode plot) confirms
that Z, has a pair of complex conjugate LHP poles near the Z,; — Z, 55, matching frequency of
approximately 500 kHz.

o . rad
Sptp2 = (-130+3.13M) &%
Im(s 1 2)
fotpe = Im(sptpe) 2”" =498 kHz

Stabilizing the load transient response requires the quantity under the square root in Equation 11 to be

positive
(g)z _Rioap 1
2p lLp
=>L1422x R oap*Lp=6.4 mH 12)

Equation 12 suggests that the complex poles can be eliminated by increasing the value of L,, which is
equivalent to adding series inductance to Z,,. According to Figure 23, the oscillatory response
disappears when the value of the series inductance exceeds 6 mH. Figure 24 shows how adding series
inductance eliminates the double-inductive characteristic of Zg,.
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VDROP[4] 9m[H]

AOL_DC 100k RP1 1kOhm Output Stage 1~ L1 10mH L2 10mH VDROP

NAVL NAVL
T A [F

F“% 1 p

17.87n

Current (A)

T 1Loap
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-64.14m T T T ]
10u 15u 20u
Time (s)

Figure 23. Adding Series Inductance to Z,,; Stabilizes Load Step Response
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Figure 24. Double-Inductive Region No Longer Dominates Zq,r With Higher ESL
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4.3 Double-Inductive Z,,; Driving Capacitive Z, op

The Z., Bode plots for this configuration show signs of gross instability. According to the magnitude plot of
Figure 25, there are three poles corresponding to the Z,,; — Z, opp Matching frequency, but phase lead
increases sharply by 90° in just one octave around the matching frequency. Table 2 shows that this
signature represents a pair of complex conjugate RHP poles that produce an exponentially increasing
oscillatory response, as confirmed by Figure 26.
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Figure 25. Example Circuit With Double-Inductive Z,,; Driving Capacitive Z gap
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Figure 26. Unstable Load Step Response of Figure 25 Circuit

In this case, it is difficult to find the poles of Z., algebraically because this case involves solving a third-
order polynomial equation, which is nontrivial. For reference, the Z., transfer function is given by
Equation 13.

Zeq =Zout llZLoAD = ((5L1+52LD)|IS|-2) (=

2 1
——— = [sL4+s°L ) —_
sCLOAD ( 1+sLpll

sCLOAD
szLD+sL1
3 2
s"LpCLoAD+s"L{CLOAD +1 (13)

=ZgQ(s) =

In lieu of an algebraic analysis, the strategies discussed in Section 4.1 and Section 4.2 can be applied.
The basic idea is to add series inductance so that Z; transforms into being more inductive around the
Zout — Zioap Matching frequency. Consequently, the circuit simplifies to an LC resonant circuit that can

then be stabilized relatively easily by adding series resistance.
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From the Bode plot |Zgyr| = 10 Q at the Zyyr — Z,oap Matching frequency (f,) of approximately 16 kHz. For

Zor to become more inductive, the impedance of the series inductor at 16 kHz must be higher than 10 Q.

Use Equation 14 to select a suitable value.
Ly> 220Ut 2500 H

2mfp (14)

The value of the series resistance required to eliminate the resonant peak appearing in Figure 27 can now

be calculated using Equation 5: R = 2 x V(L,/C o) = 30 Q. Figure 28 and Figure 29 depict the Bode plot
and transient response of the stabilized circuit, respectively.
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Figure 27. Modified Z,,; is More Inductive Around f, = 16 kHz
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Figure 28. Adding Series Resistance Eliminates Peak in Modified Z., Magnitude
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Figure 29. Load Step Response of Stabilized Circuit
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Finally, the compensation strategies presented in this article must be considered alongside other system
constraints such as cost, component availability, performance, and so on. For example, introducing a low-
cost op amp buffer between the amplifier and load capacitor in the circuit shown in Figure 25 could be
more cost-effective and enable faster settling across the load capacitor than using a 200-uH inductor for
compensation. However, an op amp buffer would likely also consume more board area and supply
current, and introduce additional errors in the signal path, thus requiring careful consideration against
design objectives.

5 Conclusions

The closed-loop output impedance (Z,,;) of an amplifier makes it possible to evaluate the stability of the
amplifier load transient response under closed-loop conditions.

A stable load transient response is characterized by exponential settling to steady state without ringing.
This requires a Thévenin equivalent impedance function that has purely real poles in the left half of the
complex s-plane (LHP).

Simple amplifier simulation models constructed using the dominant pole A, approximation provide useful
insights into the frequency response of Z,; and the various impedance profiles offered to a load.

Compensation strategies were developed using algebraic and geometric methods to overcome load
transient stability issues for various amplifier Z,; and load configurations. These strategies were validated
through simulation.
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