E:I?é electronics

Article

Feedback Injection for Low-Cost Dynamic Testing of DC-DC

Power Supplies

Nicola Femia !

W) Check for updates

Academic Editor: Ahmed Abu-Siada

Received: 4 February 2026

Revised: 20 February 2026

Accepted: 21 February 2026
Published: 27 February 2026
Copyright: © 2026 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license.

and Giulia Di Capua >*

Department of Information Engineering, Electrical Engineering, and Applied Mathematics (DIEM),
University of Salerno, Via Giovanni Paolo II, 132, 84084 Fisciano, Italy; femia@unisa.it

Department of Electrical and Information Engineering “Maurizio Scarano” (DIEI), University of Cassino and
Southern Lazio, Via di Biasio, 43, 03043 Cassino, Italy

Correspondence: giulia.dicapua@unicas.it

Abstract

Dynamic characterization of DC-DC power supplies typically requires dedicated dynamic
voltage sources and electronic loads, which are often expensive and not readily available
in low-cost laboratory environments. This creates a need for simple and flexible solutions
capable of performing reliable line and load transient tests without complex auxiliary
hardware. This paper presents a cost-effective technique for the dynamic testing of DC-
DC power supplies, which can be applied with high versatility to both line and load
transient testing. It is shown that injecting a perturbation signal into the feedback loop of a
standard DC-DC regulator enables the regulator to operate either as a dynamic voltage
source or as a dynamic electronic load, thus supporting both transient and small-signal
AC characterization of a power supply under test. Analytical guidelines are provided
to determine the static operating conditions and the achievable bandwidth of regulators
operating in Dynamic Source Mode (DSM) and Dynamic Load Mode (DLM). The impact
of voltage-mode and current-mode control strategies, as well as different error amplifier
implementations, is investigated. Experimental line and load transient tests are carried out
on interconnected switching and linear power supplies using Texas Instruments PMLK
Series BUCK, BOOST, and LDO boards operating from 3.6 W to 36 W, with crossover
frequencies up to 20 kHz. Measured injection gains and transient responses confirm the
analytical predictions and demonstrate that FIT provides a simple, reliable, and cost-
effective solution for dynamic testing of low-power DC-DC converters.

Keywords: DC-DC power supplies; dynamic testing techniques; feedback injection;
dynamic load emulation; dynamic source emulation; line and load transients; low-power
converters; voltage-mode control; current-mode control

1. Introduction

A wide range of tests is required to evaluate a power supply’s performance and verify
its compliance with specifications and standards. Line transient, load transient, power
supply rejection ratio (PSRR), and output impedance (OI) measurements are commonly
performed to assess the noise rejection and dynamic behavior of power supplies [1,2]. These
tests require an input voltage source and an output current load capable of superimposing a
DC component on an AC perturbation, thereby implementing a power-summing amplifier
function, as illustrated in Figure 1.
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Figure 1. Dynamic load and line transient test configurations for a power supply under test.

In line and load transient tests, the AC component of the source or load is typically a
square-wave signal with a fixed frequency [3]. Conversely, PSRR and OI measurements
require a sinusoidal excitation with an adjustable amplitude and a frequency sweep from
a few hertz to the megahertz range [4]. Line and load transient responses are generally
measured using an oscilloscope, whereas PSRR and output impedance are measured
using a vector network analyzer. Professional power electronics laboratories are usually
equipped with high-performance instrumentation, including dynamic voltage sources and
electronic loads, to perform the full set of required dynamic tests. These instruments are
often implemented as dedicated and distinct pieces of equipment. The design challenges
and limitations of dynamic voltage sources are discussed in [5], while [6] provides a
comprehensive overview and classification of electronic loads.

Enhanced transient measurement strategies for DC-DC converters have been inves-
tigated to enable precise characterization of input/output dynamics during rapid load
or source variations, like in maximum power point tracking systems [7] or in converters
operating under discontinuous conduction mode [8]. Several solutions have been proposed
in the literature to improve dynamic testing performance or address specific application
requirements. For example, energy-regenerative electronic loads are discussed in [9,10],
while an inverter-based solution for real-time induction motor emulation is presented
in [11]. Hardware-in-the-loop approaches for testing power electronics control systems are
investigated in [12], and dedicated circuits for input/output impedance measurements in
point-of-load regulators are proposed in [13]. The Z-source converter architecture is used
in [14] to implement high-efficiency energy-recycling electronic loads for testing photo-
voltaic cells, power converters, and stand-alone microgeneration systems. Electronic load
implementations for self-excited induction generators are discussed in [15]. A converter-
based electronic load featuring a very large operational bandwidth, specifically designed
for testing computer power supplies, is presented in [16]. All the solutions rely on auxiliary
circuits or systems specifically designed for the target application. While they effectively
reduce the need for sophisticated, expensive commercial instrumentation, they still require
significant development effort, setup time, and calibration procedures. In many industrial
and academic laboratory environments, there is instead a strong demand for fast, low-cost,
and effective testing solutions for low-power DC-DC converters.

Several auxiliary circuits have been proposed in industrial technical literature to
simplify power supply dynamic testing. In [17-19], simple load-transient tester circuits
are discussed, using an N-FET as a switch that allows current to flow through a parallel
load resistance when its gate is driven on. The same approach is adopted in [20], where the
performance of FET-based and BJT-based load transient tester circuits is compared, and
the tester bandwidth issues are discussed. These solutions support only load transient
testing and are often constrained by bandwidth, power, or measurement accuracy limits,
thereby significantly reducing their effectiveness. The Feedback Injection Technique (FIT),
originally proposed in [21-23], enables a standard DC-DC regulator to operate either in
Dynamic Load Mode (DLM) or Dynamic Source Mode (DSM), allowing it to behave as a
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dynamic load or a dynamic source for a power supply under test (PSUT). The FIT is based
on the non-invasive injection of a perturbation signal into the feedback loop of the DC-DC
regulator operating in DLM or DSM. This approach does not require cutting the feedback
loop, does not rely on custom auxiliary circuits, and allows dynamic testing with standard
laboratory instrumentation.

This paper presents the analytical models required to understand the FIT principle
and its application to the dynamic testing of DC-DC power supplies. The fundamentals of
the FIT are introduced in Section 2. Section 3 investigates the impact of the error amplifier
implementation on FIT behavior. Sections 4 and 5 address the calculation of the operating
bandwidth of DC-DC regulators in DLM and DSM. Representative applications of FIT-
based dynamic testing are discussed in Section 6, while Section 7 presents experimental
results obtained with both linear and switching DC power supplies.

2. DC-DC Regulators in DLM and DSM Operation

Figure 2 shows the basic schematic of a DC-DC voltage regulator. The error amplifier
can be implemented using either a feedback operational amplifier or a transconductance
operational amplifier, combined with the impedances Z; and Z¢, which define the error
amplifier gain. Type I, Type II, and Type III compensators are commonly adopted in the
feedback control of DC power supplies [3]. These compensators are designed according to
a target crossover frequency w. and phase margin ¢;, of the loop gain.

in out
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Z connection for 1 l L

i E——] -
transconductance ‘
op-amp \—:_* 7z | Vref R,
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Figure 2. DC-DC voltage regulator architecture with (a) feedback operational amplifier compensation
and (b) transconductance operational amplifier compensation.

The impedance Z; introduces a pole at the origin and, in the case of Type Il and Type
IIT compensators, an additional zero—pole pair (w, wp), given by Equation (1)

i (U01+S/wz

f= ?m ((Uz = Wp forType I) (1)

where w; = w./K and wy = w, K for Type II, and w; = w./+/K and wy = wc/K for Type
III. The K factor depends on the desired phase margin [24]. The impedance Z; is a pure
resistance R; in Type I and Type II, whereas in Type III, it introduces a zero-pole couple
(wz,wp) coincident with the zero and pole of Zy, as expressed in Equation (2):

1 + S/wp
Z; = le (w; = wp for Type I and Type II) (2)

The DC resistance R; of Z;, together with the ground resistance R, determines the regula-
tor’s nominal output voltage Vou:. Assuming an ideal operational amplifier, the steady-
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state output voltage is given by Vout = Vier (1 + R;/Rg), and the error amplifier gain is
Gea = Z¢/Z;. Under normal operating conditions, the error amplifier adjusts the control
voltage V. such that the feedback voltage Vg equals the reference voltage V¢. In steady
state, and in the absence of perturbations in the input voltage Vi, or output current Ioyt,
the control voltage V. remains constant, and the output voltage Vot is regulated at its
nominal value.

Figure 3 illustrates a DC-DC voltage regulator operating in DLM. The regulator output
is terminated on a fixed load resistance R,,4, while a waveform generator injects a signal
V; into the feedback loop through an additional resistance R;. Under these conditions, the
error amplifier senses a perturbation in the feedback voltage Vyp and adjusts the control
voltage V. in an attempt to restore the condition Vg = V. As a result, an AC component
is generated at the output voltage Vi, which represents an inverted and scaled replica of
the injected signal V;, provided that the frequency content of V; lies within the crossover
frequency of the regulator loop gain. The PSUT regulates its own output voltage, which
corresponds to the input voltage Vi, of the DLM regulator. Consequently, the perturbation
induced at Vot of the DLM regulator produces a corresponding perturbation in its input
current [, effectively causing the regulator to behave as a dynamic load for the PSUT.
The resistance R; and the DC component of the injected voltage V; influence both the DC
operating point of the regulator and its loop gain. In particular, R; must be selected such
that the bandwidth of the injection voltage—to—input current transfer function of the DLM
regulator exceeds the bandwidth of the injected signal V.

Power V.

in Power ——
Supply —
R Under Test | 4 I, Stage 1 (I
ICOUT
v, voltage

!
!
I
!
I
I
2 I
A— : DC J__
!
!
' source
!
!
|
!
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Figure 3. DC-DC voltage regulator operating in DLM with feedback signal injection.

Figure 4 shows a DC-DC voltage regulator operating in Dynamic Source Mode (DSM).
In this configuration, the DSM regulator is supplied by a DC voltage source, and its output
is connected to the PSUT, which is assumed to regulate its own output voltage while
supplying a fixed load resistance Rjy,q4. The operating principle is analogous to that of
the DLM configuration. In the DSM operation, the injected signal V;, applied through the
resistance R;, produces a perturbation at the output voltage Vout. If the PSUT is a linear
regulator, it behaves as a DC current sink, whereas if it is a switching regulator, it behaves
as a DC power sink. Accordingly, the small-signal input impedance of a PSUT supplying a
fixed load is theoretically infinite in the linear case, while it corresponds to a finite negative
resistance in the switching case [3]. Also in the DSM operation, the resistance Rj must be
selected to ensure that the bandwidth of the injection voltage—-to-output voltage transfer
function of the DSM regulator is wider than the bandwidth of the injected signal V.

The next section presents the DC analysis and the derivation of the injection voltage—
to-input current gain, injection voltage-to-output voltage gain, reference voltage-to-output
voltage gain, and loop gain of DC-DC regulators operating in DLM and DSM. The analysis
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is carried out for both feedback and transconductance error amplifier implementations, as
illustrated in Figure 2.

linear PS

Power

Supply
Under Test

switching
N

2
Vou % mpw
P\oazll L

Figure 4. DC-DC voltage regulator operating in DSM with feedback signal injection.

3. Analysis of DLM and DSM Operation
3.1. Feedback Op-Amp Compensation

The output voltage of the compensation network shown in Figure 2, when a feedback
operational amplifier is employed, can be expressed as in Equations (3a) and (3b):

Ve=A (Vref — VrB); (3a)
A=Ay (14 D o (3b)
T e 27UGB

where Aj. and UGB are the DC gain and the unity-gain bandwidth of the operational
amplifier, respectively. The linearized small-signal AC model of the power stage of the
DC-DC regulator operating in DLM and DSM, as illustrated in Figures 3 and 4, can be
written as in Equations (4a) and (4b), where the symbol “*” is conventionally adopted to
represent the “small perturbation” of the relevant variable:

Oout = GpiOin + GocOc — Zout lout (4a)

Iin = Giidin + Gicdc + Gioutlout (4b)

where 0,,t, 01, Oc, fm and 7oyt represent the AC components of the output voltage, input
voltage, control voltage, input current, and output current, respectively. The transfer func-
tions Gy;, Goe, Zout, Gii, Gie, and Gj,,; depend on the power stage topology and component
values [3], as well as on the specific operating mode (DLM or DSM). They correspond to the
open-loop input-to-output voltage gain, control-to-output gain, output impedance, input
admittance, control-to-input gain, and output-to-input current gain of the power supply,
respectively, and are defined as in Equations (5a—f):

ﬁout
Gpi = — R (5a)
Uiﬂ ’Uc - 0
iout =0
vAout
G’UC = 5. =0 (Sb)
Oc | Oip =
iout =0
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ﬁout
Zout = — 7 | a5 _ 0 (5C)
lout | Yin =
0.=0
1
Gi= | , _ (5d)
Oip| Uc =
iout =0
Gie = 5
ic — A~ | A __ 0 ( e)
Oc| Oip =
iout =0
Giowt = 21 5¢
iout — % b =0 ( )
Loyt | Yin =
UAC - 0

The output voltage of the error amplifier network shown in Figures 3 and 4 can be
expressed as in Equation (6):

Oc = HoOout + Hrﬁref + Hj@j (6)

where 0,,r and 9; are the AC components of the reference voltage and the injected voltage,
respectively. The coefficients H,, H, and H; are obtained by analyzing the operational
amplifier network of Figures 2—4 using Equation (3). These coefficients depend on the
operational amplifier gain A, the impedances Z; and Z¢, and the resistances R and R;.

For a regulator operating in the DLM, the power supply under test (PSUT) can be
modeled in small-signal AC analysis as a very small resistance R;, while the DLM regulator
is loaded by a resistance Rjy,q4, as shown in Figure 3. Conversely, for a regulator operating
in DSM, the PSUT is modeled as either an infinite positive resistance (linear PSUT) or a
finite negative resistance (switching PSUT), as illustrated in Figure 4.

Therefore, for the purpose of calculating the transfer functions in Equation (5), the
FIT-driven regulator can be assumed to be resistively loaded in both DLM and DSM
configurations. Under this assumption, the resulting closed-loop injection-to-input current
gain, injection-to-output voltage gain, and reference-to-output voltage gain are given by
Equations (7)—(11):

~

7. Z
G = & - =—FcH, )
T 181 =081 =0, it =0 /
b Z
Gzc)ﬁ - Uiut = _JGUCHA (8)
% s —05. —0i - R;
U{,,,fo,‘l)”ffo,lnutfo
()
G5 = 2= = GucA:zHy ©)
7ef 191, =0,6;=0,7put=0
AN !
Ha = |14+ GeaGoc + X (10)
Zf Zf Zf
A, =1+2L 42420 (11)
Z; "R Ry

where the error amplifier gain Ge, = Zs/ Z; corresponds to the ideal operational amplifier
case, obtained by assuming A — oo and UGB — co. The closed-loop injection-to-output
voltage gain in Equation (8) and the reference-to-output voltage gain in Equation (9) allow
the effect of the injection resistance R; and the injected voltage V; on the regulator output
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voltage Vot in DLM operation to be analyzed. In DC conditions, these gains reduce to
Equation (12):

Vour = hg‘&cvr@)} Vyes + [gigr(l)ij(s)} Vi=

r Ri_1 ~ i (12)
=V T RTEAY 2 Ve TRV
where

_ Ri R
r—1+Rg+Rj (13a)
A= 1 (13b)

GchAdc
Gyeo = lim Gy, (13¢)
w—0

and Gy is the DC value of the control-to-output gain, which depends on the power stage
topology [3].

Equation (12) shows that, for V; < 0, the DC output voltage increases with respect to
normal operation, as the factor r becomes larger than 1 + R;/Rg, whereas for Vi>Q0, the DC
output voltage decreases. Equation (12) also defines the admissible range of the injected
voltage V; required to maintain proper operation of the DC-DC regulator, depending on
its step-up or step-down characteristics, as expressed by Equations (14) and (15):

R.
Vout < Vip = V; > ﬁ: (rVref — Vin) step-down (14)

Vout > Vip = V; < ﬁ] (rV,ef - Vin) step-up (15)
1

The voltage V; can therefore be interpreted as an external reference that allows con-

trolled modification of the DC output voltage Vout. For given values of R;, Rj, Rg and V.,

the value of V; required to obtain a desired output voltage Vot is given by Equation (16):

R: R;
‘/}' = E] |:r‘/76f — (1 + T/\)Vgut:| = L (rvrgf - Vout) (16)
1

AdCHOO Rl

The resulting loop-gain T of the circuit in Figure 3 can be written as:

A

T:Gvc,\vic

Dout

A 71
= GucGea (1 + AZ> (17)

0in=0,0;=0,0,,1=0

The impact of the injection resistance R; on the loop gain is determined by the ratio
Az/A. By letting R; — oo in Equation (11), the loop gain of the regulator without the injection
resistance is obtained as:

R -1
4 A
To = Goc Aic = GocGea (1 + I;O) (18)
Oout ‘(71*;1:0,131‘:0,'@79}(:0,12]‘:00
AzozlimAzzl—i—ﬁ—f—ﬁ (19)
From Equations (17) and (18), it follows that:
-1
Z 1
f
T=T(14+ =———— 20
0( R AT AzO) (20)
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Equations (7), (8) and (20) provide practical guidelines for selecting the value of R; to
achieve the desired closed-loop injection-to-input or injection-to-output gain. Equation (20)
also shows that the influence of the injection resistance R; on the magnitude and phase of
the loop gain is limited, owing to the high open-loop gain of the operational amplifier.

3.2. Trans-Conductance Op-Amp Compensation

When the error amplifier is implemented by means of a transconductance operational
amplifier, the output voltage of the compensation network shown in Figure 2 can be
expressed as in Equations (21a) and (21b):

Ve = GmZs(Vier — Vrp) (21a)

1
G = gmac(1+ 2 ) (21b)
wp

where gmy. and wp are the DC transconductance and the bandwidth of the operational
amplifier, respectively. Under closed-loop operation, the output voltage of the error am-
plifier network can still be formally written as in Equation (6). In this case, however, the
coefficients Hy, H, and H; are obtained by analyzing the operational amplifier network
of Figures 2—4 using Equation (21). These coefficients depend on the transconductance
gain Gy, the impedances Z;, Zf, and the resistances R; and R]-. As in the case of feedback
operational amplifiers, the FIT-driven regulator can be assumed to be resistively loaded in
both DLM and DSM configurations for the purpose of deriving the transfer functions in
Equation (5). Under this assumption, the resulting closed-loop injection-to-input current
gain, injection-to-output voltage gain, and reference-to-output voltage gain are given by
Equations (22)—(26):

Gfl = —GicGuZsHigHp (22)
GE = —GoeGmZsHigHy (23)
Go = GocGmZfHy (24)
-1
AN

f%:Q+£+g> (26)

8 ]
H <1+ R Rj>_1 27)

8 Ry  Zi

The effect of the injected voltage V; on the DC output voltage Vout can be evaluated
by means of the closed-loop injection-to-output gain in Equation (23) and the reference-to-
output gain in Equation (24). In DC conditions, the output voltage can be expressed as

. . R;
Vour = hg%Gvr(s)} Vref + {!%ij(s)} V] = rVref - ﬁ;V] (28)
where the factor r is defined as in Equation (13).
A comparison between Equations (12) and (28) shows that a real transconductance

operational amplifier with finite bandwidth produces the same qualitative effect on the DC
output voltage as an ideal feedback operational amplifier. Given R;, R;, Rg, and V7, the DC
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component of the injected voltage V; can be used to adjust the DC output voltage Vous. The
value of V; required to obtain a desired output voltage is given by Equation (29):

R;
_
Vi= E (T’Vref - Vout) (29)

The resulting loop gain of the regulator operating in DLM can be written as in
Equation (30):

A

T = Gy —5

~

= GocGnZsHj, (30)
Oout

0in=0,0;=0,0,,1=0

In this case, the impact of the resistance R; on the loop gain is determined by the ratio
Z;/R; through the coefficient Hj,. By letting R; — co in Equation (26), the loop gain of the
regulator without the injection resistance is obtained as

0

To = Guc Aic = GchmengO (31)
Uout |9;,=0,0=0,8,,f=0,R;=00
Hig— —8 32
8= R+ 7 2
From Equations (30) and (31), it follows that:
H; z -

T= Tofjggo =T, (1 + R;ngo> (33)

Equations (22) and (33) can be used to select the value of the injection resistance R; such
that the desired closed-loop injection-to-input gain is achieved while maintaining the loop
crossover frequency and phase margin within acceptable limits. Equation (33) also shows
that when the error amplifier is implemented with a Type I or Type Il compensation network
and a transconductance operational amplifier, as is typical in current-mode controlled
regulators, the impedance Z; reduces to the resistance R;. In this case, Equation (33)
simplifies to Equation (34):

-1

T:TOEZTO 1+& (34)
ngO R]‘(Ri + Rg)

A comparison between Equations (20) and (34) shows that the injection resistance R;
has a more pronounced effect on the magnitude of the loop gain when a transconductance
operational amplifier is used than when a feedback operational amplifier is employed. At
the same time, this dependence is more straightforward to predict analytically.

4. Injection-to-Input Bandwidth in DLM

In this section, the DLM is analyzed with reference to a buck converter. Analytical
expressions are derived to determine the bandwidth of the injection-to-input current gain.
Both voltage-mode control with a Type III compensator and peak current-mode control
with a Type II compensator are considered.

4.1. Voltage-Mode DLM Regulator

The resistances R; and Ry of the feedback voltage divider are selected to achieve the
desired steady-state average output voltage, Vour = Vier (1 + R; /Rg). Equations (1) and (2)
define the impedances Z; and Z; of the feedback compensator needed to achieve a specified
crossover frequency f: and phase margin ¢,,. The zero w, and pole w) of the compensator
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are determined using standard controller design techniques applied to the voltage-mode
control-to-output transfer function Gy [3,24]. The resulting injection-to-input current gain
of the DLM regulator is governed by the compensator impedances Z; and Zy, the grounding
resistance Rq and the injection resistance R;. The bandwidth of the injection-to-input gain can
be evaluated by combining Equations (7), (10) and (17), which yields Equation (35):

o é Gic,vm T . & Gic,vm
R] Gz;c,z;m 1 + T R] Gvc,vm

ijl = (35)

low
frequency

Equation (35) shows that the low-frequency injection-to-input gain is determined
by the ratio Gjc yy, / Goe,om Of the voltage-mode control-to-input (Gj. ,,,;) and voltage-mode
control-to-output Gycu transfer functions, respectively. This behavior can be explained
by observing that the impedance Z; introduces a zero—pole pair around the loop crossover
frequency, while the ratio Z;/R; reduces to R;/R; at low frequency. Moreover, since the
loop gain T is much larger than unity below the crossover frequency, the factor T/(1+T)
approaches unity in the low-frequency range of interest.

The ratio Gy, / Goc,om can be derived using the averaged state-space model of the
buck converter [3], leading to Equation (36):

M _ Grwm Lout

D+ —(sL+2Z 36
GZ]C,Z}m Zload ‘/1 ( load) ( )

where Gy = d/ 9 is the PWM modulator gain, which defines the proportionality between
the AC component of the duty cycle and the AC component of the control voltage, and
Z0a4 is the equivalent impedance of the output capacitor and load connected in parallel.
A simplified expression for the low-frequency behavior of the ratio Gj; ,, / Goc,om can
be obtained by neglecting the equivalent series resistance (ESR) of the output capacitor.
This approximation is justified because the ESR introduces a high-frequency zero that does
not affect the low-frequency range relevant to the determination of the injection-to-input
bandwidth. Under this assumption, the ratio for a buck converter reduces to Equation (37):

Gic,ym _ 2@ n IgutL + C"”tvozuts n CoutloutLSZ 37)
Gvc,vm LE Vi Vin Vout Vi
The zeros of Equation (37) are given by Equation (38):
L+ CO”tRlzoad + \/L2 + CgutR?oad - 6C0”tLRlzoad
wijj = — (38)

2LCoutRloual

The lowest frequency among the values given by Equation (38) corresponds to the
bandwidth of the injection-to-input gain of the voltage-mode controlled buck regulator
operating in DLM.

4.2. Current-Mode DLM Regulator

The analysis of Dynamic Load Mode (DLM) operation under current-mode control
follows the same approach adopted for voltage-mode control. The main difference lies in
the design of the feedback compensator, whose zero w, and pole wp are now determined
based on the current-mode control-to-output transfer function Gycci [3]. The bandwidth
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of the injection-to-input current gain for a current-mode controlled regulator operating in
DLM can be obtained by combining Equations (22), (25) and (30), resulting in Equation (39):

- é Gic,cm T _ & Gic,cm
R] GZ}C,CW[ 1 + T R] G‘UC,CW[

G = (39)

low
frequency

Equation (39) is formally identical to Equation (35), derived for voltage-mode control.
This indicates that the low-frequency injection-to-input bandwidth is primarily determined
by the power stage dynamics rather than by the control strategy. In fact, the two ra-
tios Gicom/ Goc,om and Gic ¢y / Goe,cm are proportional to each other. The PWM modulator
equation for peak current-mode control can be expressed as Equation (40):

d = F(6c — Asip, — Fybour — Fgbi ) (40)

where A; is the current sensing gain, and the coefficients Fy,;, Fy, and Fy depend on the con-
verter topology, as detailed in [25]. By applying the modulator model in Equation (40) to-
gether with the averaged small-signal model of the buck converter [3], the ratio Gj; ¢, / Goc,cm
is obtained as Equation (41):

Gic,cm _ Fm Iout

= D+ —(sL+Z 41
Gvc,cm Zload Vz ( load) ( )

Equation (41) is identical to Equation (36) except for the factor F,, which replaces the
voltage-mode PWM gain Gpy. As a consequence, the bandwidth of the injection-to-input
gain in DLM operation is independent of whether voltage-mode or current-mode control
is adopted, and it is instead determined solely by the components and dynamics of the
converter power stage.

Therefore, both voltage-mode and current-mode regulators can be effectively em-
ployed in FIT-based DLM operation, since the achievable injection-to-input bandwidth is
fundamentally limited by the converter power stage.

5. Injection-to-Output Bandwidth in DSM

As previously highlighted, when a DC-DC regulator operates in DSM during line
transient testing, its load is represented as a DC current sink if the PSUT is linear, or as a
DC power sink if the PSUT is switching.

The input capacitor of the PSUT plays an important role in determining the line transient
response and, therefore, influences the small-signal model to be adopted for the analysis of the
regulator operating in DSM. In practical line transient tests, the dynamic source and the PSUT
are usually connected through very short cables. Under these conditions, the input capacitor
of the PSUT can be considered effectively in parallel with the output capacitor of the DSM
regulator, and thus incorporated into its equivalent output network. On the other hand, if the
PSUT’s inherent input noise rejection capability must be evaluated, the PSUT input capacitor
should be disconnected and neglected in the DSM regulator analysis.

Therefore, the following operating conditions apply.

e  If the PSUT is linear, it behaves as a DC current sink drawing a constant current [,4,
and its small-signal AC model corresponds to an open circuit.

e If the PSUT is switching, it behaves as a DC power sink drawing a constant power
Pioad, and its small-signal AC model can be represented by a negative resistance
Rayn = —Vout?/ Pioag, where Vo is the average DC output voltage of the DC-DC
regulator operating in DSM.
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In the following subsections, voltage-mode and current-mode controlled buck reg-
ulators operating in DSM are analyzed with reference to both linear and switching
PSUT configurations.

5.1. Voltage-Mode DSM Regulator-Linear PSUT

Feedback operational amplifiers are typically employed in voltage-mode control
architectures. The bandwidth of the injection-to-output voltage gain for a voltage-mode
controlled regulator operating in DSM with a linear PSUT can be obtained by combining
Equations (8), (10) and (17), which yields Equation (42):

_Zi T
Ri1+T

N

Gy = =t (42)

=

low
frequency

Unlike the injection-to-input case discussed in Section 4, the impedance Z; is not reduced
to its resistive component R; in Equation (42). In fact, the ratio Gj; , / Guc,om, Whose bandwidth
is lower than the zero wy introduced by Z;, does not appear in the DSM injection-to-output
formulation. As a result, since the closed-loop factor T/(1+T) approaches unity below the loop
crossover frequency w,, the bandwidth of the injection-to-output gain in DSM operation with
a linear PSUT is mainly determined by the zero w, introduced by the compensator impedance
Z;. Therefore, in voltage-mode DSM operation, the compensation network directly sets the
achievable bandwidth of the injection-to-output transfer function.

5.2. Current-Mode DSM Regulator-Linear PSUT

Transconductance operational amplifiers are most commonly adopted in current-
mode controlled regulators. In the DSM operation, the resulting loop gain is significantly
influenced by the injection resistance R;, as indicated by Equation (34). In particular, the loop
crossover frequency decreases as R; is reduced. By combining Equations (23), (25) and (30),
the closed-loop injection-to-output voltage gain for a current-mode controlled regulator
operating in DSM with a linear PSUT can be expressed as Equation (43)

if wz < we

43
HLT if we < wy 43

Z; T -

| AN

=

low
frequency

Equation (43) highlights that the bandwidth of the injection-to-output gain in this
configuration is determined by the minimum between the compensator zero frequency w,
and the actual loop crossover frequency w,.. Unlike the nominal crossover frequency, the
effective value of w. depends on the injection resistance R;.

Therefore, in DSM operation with a linear PSUT, current-mode control introduces
an additional sensitivity of the injection-to-output bandwidth to the choice of R;. This
contrasts with the voltage-mode case, where R; primarily affects the DC gain but has a
limited impact on bandwidth.

5.3. Voltage-Mode DSM Regulator-Switching PSUT

When the PSUT is a switching regulator, its small-signal dynamic model corresponds
to a negative resistance, namely Ry, = —Vout?/ Pjogq, where Py, is the constant power
delivered to the load. The presence of this negative input resistance can significantly
influence the stability of the DC-DC regulator operating in DSM.
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For a voltage-mode controlled buck converter in DSM, the poles of the control-to-
output transfer function are given by Equations (44) and (45):

PloadL - CoutESRoutV2 +A

wvm — out 44
oe 2LCout V2, #4)

2
A= \/(PloadL - CoutESRoutvozm) - 4C0utLV4 (45)

out

The poles defined in Equation (44) remain in the left half of the complex plane (LHP)
only below a threshold value of Pj,,;, which depends on the DC output voltage V,,; and
on the parameters Cop,; and ESR,y;. These parameters are determined by the parallel
combination of the output capacitor of the DSM regulator and the input capacitor of the
PSUT. This behavior is associated with the well-known instability issue of switching power
supplies operating under constant-power load conditions [26,27]. Nevertheless, even if the
control-to-output poles move into the right half plane (RHP), the voltage-mode controlled
regulator operating in DSM with a switching PSUT can still remain stable, provided that
the poles of the closed-loop factor T/(1 + T), which determines the injection-to-output gain
in Equation (42), remain in the LHP. Under these conditions, the bandwidth of the injection-
to-output gain is still determined by Equation (42) and corresponds to the frequency w, of
the zero introduced by the error amplifier compensation network.

5.4. Current-Mode DSM Regulator-Switching PSUT

The stability analysis of a current-mode controlled buck converter operating in DSM
with a switching PSUT can be performed using a simplified model of the current-mode
regulator. In the low-frequency range, the approximation iy, ~ v./Asus is well satisfied [3].
Under this assumption, the control-to-output transfer function reduces to a first-order
system characterized by a single real pole located at the frequency

Ploaa

cm oa

_ (46)
e Cout(v2 - ESRoutPload)

out

The pole given in Equation (46) remains in the LHP only above a threshold value of the
load power P, threshold V2,ut / ESRyut. This condition, however, is generally not feasible,
as it would imply operation beyond the regulator’s rated load capability. Nevertheless, also
in this case, stability of the overall DSM configuration can still be ensured provided that the
poles of the closed-loop factor T/(1 + T), which determines the injection-to-output gain in
Equation (43), remain in the LHP. Therefore, even though the loop gain T may exhibit RHP
poles due to the negative input resistance of the switching PSUT, the cascade connection of the
two power supplies can remain stable if the closed-loop injection response is properly shaped.

The stability considerations discussed above for DSM regulators with both linear and
switching PSUTs can also be extended to PSUTs loaded by DLM regulators, provided that
the appropriate dynamic model of the interconnected system is used.

In summary, the achievable injection-to-output bandwidth in DSM operation depends
on both the compensation network and the interaction with the PSUT, especially in the
presence of constant-power load effects.

6. Voltage-Mode Versus Current-Mode Control in DLM
6.1. Voltage-Mode DLM Regulator

Figure 5 shows a voltage-mode controlled buck regulator operating in DLM. The
power circuit parameters of this buck regulator are taken from the documentation for
the TI-PMLK BUCK board [28]. The feedback control is implemented using a feedback
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operational amplifier with a DC gain A4, = 10° and a unity-gain bandwidth UGB = 5 MHz.
The error amplifier is designed to achieve a phase margin of at least 52° at a crossover
frequency of 20 kHz, while ensuring at least 20° of phase shift below the crossover frequency.
Assuming Re = 10 k(), the standard compensator design procedures discussed in [24] were
used for the DC-DC voltage-mode buck regulator under analysis (Figure 5) to yield a
Type III compensator with the following commercial component values: R;; = 31.6 k(),
Cr =150 pF, Cr, =3.3nF, Ry =10.7 k), Cp = 1.0 nF, R = 1.69 kQ).

Vi o I VN 1
| = |
gate
CinI driver Cnul
= G Rp = =
= AW Re Co
Cﬂ H /\/\/\/ “_l
& Ri

Figure 5. DC-DC voltage-mode buck regulator, with V;, =36V, V; =3.3V, Ip;; = 1.5 A, f; = 500 kHz,
Cout =220 uF/25 mQ), L =18 uH/78 mQ}, Vref =0.8V.

The voltage-mode DLM regulator model illustrated in the previous section has been
implemented in a MATLAB 2025 script. The resulting Bode plots of the injection-to-input
gain and the loop gain are reported in Figure 6 for injection resistance values R; ranging
from 1 k) to 100 k(). The plots in Figure 6a show that the injection-to-input gain bandwidth
is approximately 700 Hz. The resistance R; primarily affects the magnitude of the injection-
to-input gain, with limited impact on bandwidth. The loop gain plots in Figure 6b indicate
that the crossover frequency remains close to 20 kHz, with a phase margin greater than 52°,
due to the additional 20° phase shift introduced below the crossover frequency. Based on
the circuit parameters, Equation (38) predicts a low-frequency zero of the injection-to-input
gain at 670 Hz, which is in good agreement with the results shown in Figure 6. Finally,
Figure 6b confirms that the injection resistance R; does not significantly affect the regulator’s
stability, as its primary influence is on the DC bias point rather than the loop dynamics.

Bode Diagram Bode Diagram
100
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Magnitude (dB)
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Figure 6. Bode plots of (a) injection-to-input gain and (b) loop gain of the voltage-mode buck regulator
in DLM for different values of the injection resistance, namely R]' ={1kQO,2k0O,5kO, 10 kO, 20 kO,
31.6 k), 50 k), 100 kQY}.
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6.2. Current-Mode Controlled DLM Regulator

Figure 7 shows a peak-current-mode-controlled buck regulator operating in DLM.
The power circuit parameters of this buck regulator are taken from the documentation for
the TI-PMLK BUCK board [28], which is used in the experiments discussed in Section 8.
The inner current loop is assumed to be implemented with a sensing gain Asps = 180 mQ)
and a compensation ramp of amplitude V, = 487 mV. The feedback control is based on
a transconductance operational amplifier with a DC transconductance g, 4. =97 S and a
frequency bandwidth wp = 17 Mrad/s. The error amplifier is designed to achieve a phase
margin of at least 52° at a crossover frequency of 20 kHz. In this case, a Type Il compensator
is sufficient to meet the design requirements. Assuming Ry = 10 k(), the compensator
design procedure described in [24] yields the following commercial component values:
Ri; =31.6 k), Cpy = 4 pE, Cp = 100 pE, Ry, = 280 k(). The Bode plots of the injection-to-input
gain and the loop gain are shown in Figure 8 for injection resistance values R; ranging from
1k to 100 kQ.

V in £ l’ulll
e - L
~— gatv

l l [
0 ﬂlf PR
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Figure 7. DC-DC current-mode buck regulator, with V;;, =36 V, V; =3.3 V, Ipyy = 1.5 A, f = 500 kHz,
Cout =220 uF/25 mQ), L =18 uH/78 mQ}, me =0.8V.
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Figure 8. Bode plots of (a) injection-to-input gain and (b) loop of the current-mode buck regulator in
DLM for different values of the injection resistance, namely R]- ={1 kO, 2kO, 5kO, 10 kO, 20 kO,
31.6 kO, 50 kO, 100 kO)}.

The plots in Figure 8a indicate that the injection-to-input gain bandwidth is again ap-
proximately 700 Hz, matching the result obtained for voltage-mode control. This confirms
that the injection-to-input bandwidth is determined by the ratio G;./ Gy, which depends
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on the converter power stage and is independent of the control method, as shown in
Equation (41). For completeness, the Bode plot of the ratio G;./ Gy, for the buck converter
under study is reported in Figure 9. In contrast to the voltage-mode case, the injection
resistance R; has a stronger impact on the loop gain under current-mode control. The
plots in Figure 8b show that the loop crossover frequency decreases from 20 kHz down to
approximately 4 kHz as R; is reduced from 100 k) to 1 k(). As a consequence, the phase
margin is also reduced. This erosion of phase margin is reflected in Figure 8a, where a
resonance peak appears in the magnitude of the injection-to-input gain near the crossover
frequency when R; decreases to 1 k().

Bode Diagram
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Figure 9. Frequency response of the ratio G;./ Gy for the buck converter under study.

These results highlight the following key observations.

e  The bandwidth of the injection-to-input gain of a DC-DC regulator operating in DLM
is fundamentally determined by the power stage dynamics.

e  Since the bandwidth is fixed by the converter itself, DLM operation can be imple-
mented using either voltage-mode or current-mode regulators without affecting the
achievable injection-to-input bandwidth in the low-frequency range.

e  The sensitivity of the loop gain to the injection resistance R; is significantly lower in
voltage-mode control using a Type III compensator and feedback operational amplifier
than in current-mode control using a Type II compensator and transconductance
operational amplifier, in agreement with Equations (20) and (34).

e  DLM operation does not compromise the stability of the regulator, since the loop gain
poles remain in the left half plane.

7. Voltage-Mode Versus Current-Mode Control in DSM
7.1. Voltage-Mode DSM Regulator-Linear PSUT

Figure 10 shows the Bode plots of the injection-to-output gain and the loop gain for the
voltage-mode controlled buck regulator operating in DSM with a linear PSUT. The plots in
Figure 10a indicate that the injection-to-output gain bandwidth is approximately 4.5 kHz,
which is significantly larger than the injection-to-input bandwidth previously calculated
for DLM operation.

As in the DLM case, the injection resistance R; mainly affects the magnitude of the
injection-to-output gain, while its influence on the bandwidth remains limited. The loop
gain plots in Figure 10b confirm that the crossover frequency remains close to 20 kHz and
that the phase margin is greater than 52°, due to the additional 20° phase shift below the
crossover frequency.

According to Equation (42), the low-frequency pole that determines the bandwidth
of the injection-to-output gain in DSM operation with a linear PSUT corresponds to the
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zero w; introduced by the impedance Z;. For the Type III compensator considered in this
example, this zero occurs at approximately 4.5 kHz, in good agreement with the results
reported in Figure 10.
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Figure 10. Bode plots of (a) injection-to-output gain and (b) loop gain of the voltage-mode buck

regulator operating in DSM with a linear PSUT, for Rj ={1kO, 2kO, 5k0, 10 kO, 20 kO, 31.6 k),
50 kQ), 100 kY.

7.2. Current-Mode DSM Regulator-Linear PSUT

Figure 11 shows the Bode plots of the injection-to-output gain and the loop gain
for the current-mode controlled buck regulator operating in DSM with a linear PSUT.
The plots in Figure 11a show that the injection-to-output gain bandwidth varies with
the injection resistance R;. The loop gain plots in Figure 11b confirm that the crossover
frequency decreases significantly as R; is reduced. In particular, the crossover frequency
drifts from approximately 20 kHz down to about 4 kHz when R; decreases from 100 k(2 to
1 kQ). Therefore, in DSM operation with a linear PSUT, the injection resistance R]' not only
affects the gain magnitude but also directly influences the achievable injection-to-output
bandwidth under current-mode control.
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Figure 11. Bode plots of (a) injection-to-output gain and (b) loop gain of the current-mode buck
regulator operating in DSM with a linear PSUT, for R]- ={1kO,2k0O,5kNO, 10 kO, 20 kO, 31.6 kO,
50 k), 100 kO2}.

https://doi.org/10.3390/ electronics15050975


https://doi.org/10.3390/electronics15050975

Electronics 2026, 15, 975

18 of 27

7.3. Voltage-Mode DSM Regulator-Switching PSUT

Figure 12 shows the Bode plots of the injection-to-output gain and the loop gain
obtained for the voltage-mode controlled buck regulator operating in DSM while supplying
a switching PSUT. In this example, the operating point corresponds to Ioyt = 1.5 A at
Vout = 3.3V, resulting in a load power of Pjy,; = 4.95 W. The bandwidth of the injection-to-
output gain can be determined according to Equation (42) and is equal to the frequency
w; of the zero introduced by the feedback error amplifier. This behavior is clearly evident
in the plots shown in Figure 12a. The loop gain plots in Figure 12b show that, for a given
combination of P}y, Vout, and Cout, the equivalent series resistance ESRoy¢ plays a critical
role in determining the location of the control-to-output poles.
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Figure 12. Bode plots of (a) injection-to-output gain and (b) loop gain of the voltage-mode buck
regulator operating in DSM with a switching PSUT, for R]- ={1kQO,2kO,5kND, 10 kO, 20 kO, 31.6 k),
50 k), 100 kO2}.

In this case study, an output capacitor with an ESR value of 25 m(Q) produces a positive
phase shift, ensuring that the poles remain in the LHP. Conversely, a lower ESR value of
5 mQ) introduces a negative phase shift that causes the poles to drift into the right half
plane (RHP). Therefore, the operation of a DC-DC regulator in DSM with a switching
PSUT may involve right-half-plane poles in the control-to-output dynamics, depending on
the parameters Piy,q, Vout, Cout, and ESRyyt. Nevertheless, even in the presence of RHP
poles, the voltage-mode DSM regulator can remain stable provided that the poles of the
closed-loop factor T/(1 + T), which governs the injection-to-output response, remain in the
LHP, as observed in this example.

7.4. Current-Mode DSM Regulator-Switching PSUT

In the current-mode case, the loop gain may exhibit right-half-plane poles due to the
negative input resistance of the switching PSUT. Nevertheless, as discussed in Section 5,
the overall DSM configuration remains stable as long as the poles of the closed-loop factor
T/(1+T), which determines the injection-to-output response, remain in the LHP.

Figure 13 shows the Bode plots of the injection-to-output gain and the loop gain for
the current-mode controlled DSM buck regulator supplying a switching PSUT. In this case,
the negative phase shift in the loop gain is due to a pole in the RHP.
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Figure 13. Bode plots of (a) injection-to-output gain and (b) loop gain of the current-mode buck

regulator operating in DSM with a switching PSUT, for Rj ={1kO, 2kO, 5kO, 10 kO, 20 kO, 31.6 k()
50 kQ), 100 kO)}.

The previous analysis highlights the following main points:

e  The bandwidth of the injection-to-output gain of a DC-DC regulator operating in DSM
with a linear PSUT is determined by the compensation network and depends on the
adopted control strategy.

e In the DSM operation with a linear PSUT under current-mode control, the injection
resistance R; affects not only the DC gain but also the injection-to-output bandwidth.
In contrast, under voltage-mode control, R; mainly impacts the DC gain.

e  The operation of a DC-DC regulator in DSM with a linear PSUT does not compromise
stability, since the poles of the loop gain remain in the LHP.

e In DSM operation with a switching PSUT, the loop gain poles may shift into the right
half plane under both voltage-mode and current-mode control due to constant power
load effects. Nevertheless, stability of the cascade connection is ultimately determined
by the closed-loop factor T/(1+T), which may remain stable even when the loop gain
exhibits RHP poles.

7.5. Real Impact of Parasitic and Noise in Line and Load Transient Testing Techniques and Systems

The waveforms of voltages and currents during line and load transients are influenced
by several collateral factors, in addition to the inherent dynamic behavior of the power
regulator under test, which depends on the power stage and control settings.

One main influencing factor is the parasitic inductance in the line bus and load bus.
Such inductance influences the slew rate of the real input voltage during line transients
and the real output current during load transients. It can also cause high-frequency ringing
due to resonance with input and output capacitances. These phenomena influence the line
and load transient results regardless of the testing technique used.

In principle, the mathematical model of the FIT-based method presented in this paper
allows for incorporating the effects of input and output parasitic inductances by including a
series impedance and rewriting all transfer functions. However, this would just complicate
the analysis without a real benefit. In fact, parasitic inductances may vary significantly
depending on PCB layout and routing. Nevertheless, a well-designed industry-standard
power converter is characterized by very low PCB inductance, and consequently, the
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oscillation frequency determined by its resonance with capacitances is much higher than
the power converter’s switching frequency.

The same consideration applies to other real-world harmonic issues, such as EMI from
the waveform generator driving the FIT or from other noise sources.

The sampling effect in peak-current mode-controlled power converters also has a
negligible influence on FIT-based line and load transient analysis and design. For this
well-known phenomenon, in principle, the model given in Equation (40) could be easily
extended to incorporate sampling effects by introducing a pole in the factor F;,; or a pair of
resonant poles in the factor A, as discussed in [25]. But this is not necessary as well.

In fact, the bandwidth needed to implement the DSM and DLM is much lower than
half the switching frequency of the regulator used as a line and load transient tester. The
frequency range in which we are interested in analyzing the dynamic behavior and setting
the injection resistance R; for a power converter used in DSM or DLM falls within its control
bandwidth. This typically ranges from 10 kHz to 20 kHz, which is much lower than the
typical switching frequency (hundreds of kHz) and the conducted EMI frequencies of
practical interest (hundreds of kHz to tens of MHz).

In general, a line or load transient testing system is not required to generate voltage
or current stimuli whose slew rate is so high to excite very high frequency noise; rather, it
must excite the power converter under test within the bandwidth of its control, to verify
its line and load transient response, which (again) is in the tens kHz range. Testing power
converters for high-frequency noise measurement, of interest for good PCB design, requires
very high slew-rate sources and loads, which are beyond the scope of this paper.

Finally, uncertainties of any type, arising from aging, thermal drifts, component
tolerances, and other causes, can be easily incorporated into the transfer functions of the
FIT model discussed in the previous sections by applying worst-case or statistical analysis
to predict their impact on DSM and DLM operation.

8. Experimental Results

This section presents experimental measurements of the injection-to-output and
injection-to-input gains, loop gain, and line/load transient responses of interconnected
linear and switching regulators. In particular, the experimental results were obtained using
three power supplies from the Texas Instruments Power Management Lab Kit (TI-PMLK)
Series [29], and more precisely:

e the TI-PMLK BUCK board, based on the TPS54160 integrated-FET peak current-mode

controlled buck regulator [28];

e  the TI-PMLK LDO board, based on the TPS758300 N-MOS low-dropout linear regulator [30];
e the TI-PMLK BOOST board, based on the TPS55340 integrated-FET peak current-mode

controlled synchronous boost regulator [31].

Line transient tests were performed by operating the TPS54160 buck converter in
DSM while supplying the TPS758300 LDO regulator. Load transient tests were instead
carried out by operating the TPS54160 buck converter in DLM while loading the TPS55340
boost regulator.

8.1. Line Transient Test

The TI-PMLK BUCK TPS54160 regulator was configured to operate in DSM to perform
a line transient test on the TI-PMLK LDO TPS758300 regulator. The schematic of the
interconnected boards is shown in Figure 14.
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Figure 14. Experimental setup: TPS54160 buck regulator operating in DSM for line transient testing

of the TPS7S8300 LDO regulator.

The TPS54160 converter was supplied by a TTi EX354RT 0-35 V/4 A DC power
supply. Its feedback pin was connected to the output of an Agilent 33500B 30 MHz
waveform generator operating in square-wave mode. A square-wave injection signal with
amplitude Vpp =316 mV and offset V5ot = 736 mV was applied through a 10 k(2 injection
resistance R;. This configuration produced an output voltage waveform that switches
between Viow =3 V and Vg =4V, in accordance with Equations (16) and (29), and the
procedure described in [22,23]. The TPS758300 regulator was set to 2.4 V output voltage and
loaded with a Hoecherl & Hackl Z51880 800 V /15 A electronic load. The injection-to-output
gain and the loop gain of the TPS54160 regulator operating in DSM were measured using an
OMICRON Bode 100 vector network analyzer, following the experimental configurations
illustrated in Figures 15 and 16, respectively.
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Figure 15. Measurement configuration for the injection-to-output gain of the TPS54160 regulator

operating in DSM.
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Figure 16. Measurement configuration for loop gain measurement of TPS54160 buck regulator in
DSM, loaded by TPS7A8300 LDO regulator.
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Figure 17 shows the experimental Bode plots of the injection-to-output gain and loop
gain of the TPS54160 buck regulator in DSM. Figure 18 compares the experimental injection-
to-output gain with the analytical Bode plot predictions from the model discussed in the
previous sections, using nominal values for all circuit parameters. The measured Bode
plots agree well with the simulation results. Deviations can be attributed to component
tolerances and thermal effects.
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Figure 17. Measured injection-to-output gain (a) and loop gain (b) of the TPS54160 buck regulator
in DSM, operating at V;, =36 V, Vs = 3.3V, loaded by TPS7A8300 at Vjy; = 2.4V, Ipyt = 1.5 A. Red
line = TR1, blue line = TR2.
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Figure 18. Measured (continuous lines) and simulated (dashed lines) injection-to-output gain of
the TPS54160 buck regulator in DSM, operating at V;;, =36 V, Vs = 3.3 V, loaded by TPS7A8300 at
Vour =24V, oy =15 A.

The experimental waveforms shown in Figure 19 were obtained by injecting a 100 Hz
square-wave perturbation V;, which lies well within the injection-to-output bandwidth. The
output voltage of the TPS54160 buck converter closely follows the injected waveform, while
the higher-frequency harmonics are partially attenuated by the low-pass characteristic of
the injection-to-output transfer function.
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Figure 19. Measured line transient response of the TPS7S8300 LDO regulator supplied by the
TPS54160 operating in DSM.

8.2. Load Transient Test

The TI-PMLK BUCK TPS54160 regulator was configured to operate in DLM in order to
perform a load transient test on the TI-PMLK BOOST TPS55340 regulator, which provides
an output voltage of Vout = 24 V. The experimental setup for the injection-to-input gain mea-
surement of the TPS54160 operating in DLM is shown in Figure 20. A 100 Hz square-wave
injection signal V; with amplitude Vpp = 310 mV and offset Vgt = 840 mV was applied to
the feedback pin of the TPS54160 regulator through a 10 k() injection resistance R;. This
perturbation produced an output voltage waveform that switches between Viow =25V
and Vygh = 3.5V, as predicted by Equations (16) and (29) and by the procedure described
in [22,23]. With a 2 () load resistance connected at the regulator output, the resulting
square-wave output current varied from 1.25 A to 1.75 A. This corresponds to an input
current range of 136-290 mA, including the effect of conversion losses. The input current
of the TPS54160 regulator in DLM operation was sensed using a 25 m() sensing resistor
and a 1 MHz current-sensing amplifier based on the Texas Instruments INA139 device [32].

TPS54160

A A Y .
1MHz
current
TPS55340 T | sensing
L OP-AMP
sw

FB

S| ]
Vref —+

PWM

L]

FB

ramp
generator

current
sense
>

CH2

PGND
NETWORK VECTOR ANALYZER

Figure 20. Measurement configuration for injection-to-input gain measurement of TPS54160 buck
regulator in DLM, fed by TPS55340 boost regulator.

The measured injection-to-input gain and the corresponding loop gain measurement
are presented in Figure 21. Figure 22 compares the experimental injection-to-input gain
with the model’s analytical Bode plot predictions, using nominal values for all circuit
parameters. The experimental data for the injection-to-input current have been scaled up
by a factor of 40 to account for the 25 m() gain of the current-sensing resistor. Deviations
are still due to component tolerances and thermal effects.
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Figure 21. Measured injection-to-input gain (a) and loop gain (b) of TPS54160 buck regulator in DLM,
operating at Vo, =3.3 V, I, = 1.5 A, fed by TPS55340 at V;;, =8 V, Vj,r = 24 V. Red line = TR1, blue
line = TR2.

magnitude [dB]
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Figure 22. Measured (continuous lines) and simulated (dashed lines) injection-to-input gain of
TPS54160 buck regulator in DLM, operating at Vs = 3.3V, I, = 1.5 A, fed by TPS55340 at V;,, =8V,
Vout =24 V.

A quantitative evaluation of the results given in Figures 18 and 22 shows that, within
the frequency range of interest, namely the effective injection bandwidth of the DSM and
DLM configurations, the discrepancy between measured and predicted bandwidth values
is limited to a maximum deviation of 10%. This difference is consistent with component
tolerances, parasitic effects, and experimental uncertainties.

The measured load transient response of the TPS55340 boost converter loaded by the
TPS54160 operating in DLM is shown in Figure 23.
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Figure 23. Measured load transient response of the TPS55340 boost regulator loaded by the TPS54160
operating in DLM.

9. Conclusions

The Feedback Injection Technique (FIT) discussed in this paper provides a cost-
effective approach for performing dynamic tests on DC-DC power supplies without the
need for dedicated high-performance electronic loads or dynamic voltage sources. By inject-
ing a perturbation signal directly into the feedback loop of a standard DC-DC regulator, the
regulator can be operated in either Dynamic Source Mode (DSM) or Dynamic Load Mode
(DLM), enabling simplified line and load transient testing of the power supply under test.

Unlike state-of-the-art instrumentation and techniques employed for dynamic char-
acterization of DC-DC power supplies, typically requiring dedicated dynamic voltage
sources and electronic loads, the FIT approach presented in this paper offers a cost-effective
solution for the dynamic testing of DC-DC power supplies, which can be applied with
high versatility to both line and load transient testing.

This work presented the fundamental concepts and analytical models required to
understand and apply the FIT principle. Closed-loop expressions were derived to char-
acterize the injection-to-output and injection-to-input transfer functions, as well as the
associated loop gain, for both voltage-mode and current-mode controlled regulators. Prac-
tical guidelines were also provided to determine the achievable operating bandwidth of
DC-DC converters in FIT-based DSM and DLM configurations, highlighting the role of the
control strategy, the error amplifier implementation, and the injection resistance.

Experimental measurements were carried out using interconnected linear and switch-
ing regulators implemented with Texas Instruments TI-PMLK Series BUCK, BOOST, and
LDO boards. The measured injection gains and transient responses confirm the validity
of the proposed analytical model and demonstrate the effectiveness of FIT as a simple
and reliable technique for dynamic characterization and testing of low-power DC-DC
power supplies.

The main mandatory requirement for using the FIT solution is that the power converter
used in DSM or DLM must have a wider control bandwidth and a higher power rating
than the power supply under test, and an accessible feedback control voltage pin.

The analytical developments and illustrative case studies discussed have been carried
out with reference to the buck topology, which was deliberately adopted to provide a clear
and systematic discussion of the static and dynamic design aspects relevant to line and
load transient testing. Nevertheless, the FIT methodology and the derived closed-loop
expressions can be extended to other topologies operating in DLM or DSM, for which
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additional topology-specific issues can be addressed following the methodological basis
established in this work.

Future developments of this work will focus on extending the proposed FIT-based
analytical framework to boost and buck-boost converters, in order to systematically inves-
tigate topology-specific constraints, stability interactions, and bandwidth limits in both
DLM and DSM operation, thereby broadening the applicability of the method to a wider
class of DC-DC power supplies.
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