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Abstract

Impedance-based stability criteria can be a powerful tool in systems analysis of microgrids.
Especially in terms of low-voltage direct current grids, the amount of available power
converters continuously increases. Since commercial components are typically black-
boxes for system analysis, reliable and fast measurement is required to allow for accurate
stability estimations. Here, wide bandwidth signals offer reduced measurement time at
high accuracy. Since higher power converters are often digitally controlled, this paper
investigates requirements for proper wide bandwidth impedance measurement under the
boundary conditions the digital control enforces on time and value quantization.

Keywords: DC power systems; impedance measurement; control; system analysis and
design; simulation; stability

1. Introduction

The need for reliable and efficient energy distribution drives the development of
low-voltage direct current (LVDC) grids. [1-3]. LVDC microgrids can either be connected
to AC grids, with a certain level of autonomy, or operate completely autonomously, relying
only on renewable energy sources. Through integration of battery storage systems and
electric vehicles this autonomy can be even further increased [4-8].

However, maintaining stability in all operating conditions is required for ensuring
the reliability of LVDC microgrid operation. This challenge becomes increasingly more
difficult as the stability analysis needs to encompass an increasing number of components
and converter types [9-12], making model-based predictions near impossible without
knowledge about the internal system parameters. The application of measurement-based
stability criteria can eliminate this issue. A promising group of stability criteria are based
on the grid side impedance of converters [13-22], based on and adapted from [23]. Since
impedance can be directly measured for a black-box system, stability information can be
gained without further information about the converter itself. The only prerequisite is a
measurement system capable of accurate impedance measurement of power converters.

Since most higher power converters used for LVDC microgrids are digitally controlled,
methods of impedance measurement need to be investigated for their effect on digital
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control. Due to the added benefits in fast measurement, this paper will be focused on broad
band measurements using pseudo random binary sequences (PRBSs).

PRBS signals have been used for system identification in various power electronics
applications. Often the PRBS is generated by the system itself and modulated onto an
internal signal like the converters duty cycle [24-29], which can then be used to identify
control loop transfer functions. Even using multiple orthogonal PRBSs simultaneously
within a larger system have been investigated [30-32]. In AC systems these orthogonal
signals can even be used to measure reactive and active current control loops as well as
their interactions [33,34]. If the PRBS is used to excite a connected converter, or even the
whole grid, impedance measurement of unknown converters is also possible [35-37]. PRBS
signals have also been modified from being classical maximum length two state signals,
to three state signals [34,38,39] or optimized two state signals [40], to enhance certain
frequency component’s power density.

While being widely used, the typical recommendation for the signal amplitude is
somewhere in the low single digit percentage range [28,33,37], high single digit percentage
range [35,36], or up to 25% [27] of the steady state values depending on application.
These amplitudes all have been determined by trial and error, not based on fundamental
principles. In [28] the effect of quantization on the measurement is discussed regarding the
measurement system, but other power converters are not included.

For a practical implementation of a measurement system, this diversity in recom-
mended signal amplitude can lead to a high uncertainty in the measurement results. A
more in-depth analysis on the required signal amplitude is therefore carried out in this
paper. Additionally, as power converters are inherently nonlinear and time variant systems,
the measurement needs to allow correct linearization for a given operating point. While
this is easily possible with mono-frequency signals, wide bandwidth signals can lead to
aliasing effects, thereby altering the measurement result. This requires a full analysis of the
above Nyquist frequency behavior of power converters.

In this paper, we will focus on the design of a measurement system, capable of measur-
ing the output impedance of digitally controlled output converters with wide bandwidth
signals. To ensure proper measurement, we first describe the consequences of digital control
on measurement in Section 2, introduce wide bandwidth measurements in Section 3, and
then verify the findings in simulation (Section 4) and actual measurement (Section 5). The
paper is concluded with a discussion in Section 6 and conclusion in Section 7.

2. Digitally Controlled Power Converters

To allow for classical stability criteria to be used, a power converter needs to be
described as a linear time invariant (LTI) system. Since power converters are generally non-
linear time variant systems, the measurement needs to accurately linearize the converters re-
sponse. To correctly approximate an LTI system, two effects—value and time discretization—
need to be considered when measuring a digitally controlled power converter.

2.1. Value Discretization

To correctly linearize a system in measurement, a small signal perturbation is used
for excitation. If the converter is analog in control, the smallness of the perturbation is
theoretically unbound and only obstructed by the required signal to noise ratios of the
measurement system. For digitally controlled systems, the analog to digital conversion
leads to quantization in value. If a perturbation is too small, the system response of the
converter will be adversely affected as shown in [8].

For the ADC to properly reconstruct the measured signal x with a digital signal y, the
external excitation needs to be large enough to trigger a least-significant-bit Ay;gg. The
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effect is shown in Figure 1 for a sufficient and insufficient excitation. If the test signal
is insufficient, the converter cannot correctly react to the measurement and the output
impedance will be altered. The effect of this under-excitation largely depends on the
affected ADC. In practice, the most common form is the under-excitation of the voltage
measurement ADC [8]. For this ADC to register the change Avg,q in the measured grid
voltage vGid, Avgrid needs to be larger than the lowest noticeable change Avygg, that
toggles one bit of the ADC. Different effects of under-excitation of mono-frequency signals
are given in [8]. The effects for wide band measurement are discussed in Sections 3 and 4.
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Figure 1. Reconstructed signal y of a measured signal x with sufficient (a) and insufficient

Ay

(b) excitation.

2.2. Time Discretization

While value discretization only affects digitally controlled converters, time discretiza-
tion is inherent to any power converter due to its switching actions. To investigate the
behavior of PWM on the converter’s transfer function, the simplified model of a 10 phase
buck converter’s current control as shown in Figure 2 is used. Each phase is controlled by a
current controller Goc—acting on the difference in measured inductor current Iy, of phase
n to a reference current I sot—with no interaction between the individual controllers. The
input and output voltages are set as constant voltage sources to eliminate any interaction
between the 10 phases. Therefore, if a small signal perturbation if st is added to I, g, the
perturbations i , measured in the individual phases should ideally be describable by the
same closed loop transfer function G¢p (s) :

itn(s) = i set(s) Gy (5) 1)
I + i1
10 , I+ iL2:
1 Ri L I, + i
- o

lvHV'DO"'Ud

%:) lev

Dy +d I +i
0 1 GCC (S) Lset L,set

I, +i
modulator controller b L

PWM

Figure 2. Simplified model of a 10 phase buck converter’s current control loop.

The reason for the 10 phases is the noise cancelation in inductor currents. If all
phases are perfectly interleaved, the switching noise in the sum of all i1, should cancel
out up to five times the switching frequency. This should allow the investigation of G¢p,(s)
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through simulation even close to and above switching frequency. We will therefore measure
Gew(s) as

GeL(s) =

Z an (2)

10 IL set n=

While G¢c¢ as well as L and internal resistances R; are all linear time invariant, the
influence of the PWM cannot as easily be transformed into the frequency domain. Instead,
the effect of the modulator on d, can be explained by using a simplified time variant model
shown in Figure 3. Similarly to the small signal perturbation in currents, we can first
describe the duty cycle D as a constant operating point dependent on D and a small signal
perturbation d:

D(t) =d(t)+ Dy 3)

T/2 T
(@ — Vcar

7D0
/\ Dy +d

b) — vpwm(Do)
vpwm(D)

Va

ty tig tadalz t3 t3q tyata t

Figure 3. Simplified time variant model of the switching behavior of a half bridge with a triangular
carrier. (a) shows the carrier and the PWM-Modulators input signal, (b) depicts the resulting PWM,
and (c) gives the small signal reaction to the perturbation.

To generate the PWM, D is compared to a carrier signal v¢,r as shown in Figure 3a. vcar
oscillates between 0 and 1 and is defined by its rising slope vcar,r and falling slope v¢,, . In
this paper, we will assume a symmetric triangular carrier, where Ucar,r and vg,y ¢ normalized
in amplitude and time are

bcar,r = _bcar,f = Z.Jcar =2 (4)

If D is lower than the carrier, then the high side switch is turned on, if D is higher
than the carrier, then the low side switch is turned on. This leads to a PWM signal with
the amplitude equal to the input voltage vy. Dg can be determined by fulfilling the
following condition:

Do-opy = oLy + IRy ®)

By applying only Dy to the system, the PWM signal vpwyi(Dg) will be observed as
shown in Figure 3b in blue. vpwpm(Dp) is not a DC signal and will already include the
current ripple during unperturbed operation. If a small signal perturbation iy, s is applied,



Energies 2025, 18, 6121

50f26

the small signal perturbation d will change vpwn (Do) to vpwm(D) as indicated by the
yellow PWM signal in Figure 3b. d therefore leads to a perturbation PWM signal v4:

v4(t) = vpwm(D, t) — vpwm (Do, t) (6)

which is equal to the red PWM signal in Figure 3c.

If like in Figure 3 a triangular carrier signal is used, vg4 (red pulses in Figure 3c) has
twice the frequency of vpwn (Do) and vpwwm (D), since there can be a change in D during
turn on and turn off. If instead a sawtooth carrier were to be used, only the time of turn on
ton or turn off ¢p,_1 can be perturbed.

For each switching instant, we can define two points in time: ¢, where the half bridge
would switch for Dy and t,,q where the half bridge will switch due to the perturbation. To
relate vq4 to d for a sufficiently low frequency perturbation—i.e., sufficiently lower period
than the difference in time between f,, and t,g—we can assume for d:

d(tnd)% d(tn) (7)

For the high side switch turn off instant (e.g., ;) we can calculate the pulse width 74
of v4 by using the slope Vcar 0f vcar and d:

d
T =ton-na ~tma o =3 (8)
car

For the high side switch turn on the sequencing of t,, and t,,4 is exchanged therefore
the pulse width 74 is

d d
T4 = ton —fond = — == = 2 )
—Ucarf Ucar
For a small signal perturbation, we can also assume
fn1 ®thp = tn (10)

and approximate the pulses of v4 as a series of J-distributions as indicated by the green
arrows in Figure 3c. For both to have the same effect on the inductor current, the only

7 (n+1) . T(n+1)
/2 oV s ) ar :/2 vg dt (11)

T J T
Fn Ucar on

requirement is

In the time domain, we can therefore describe the PWM signal as vg:

Ud(t):d(t)-UHTV~ i S(t — ty) (12)

n=-oco
A small signal model of the plant with the PWM can now be derived, using v4:
iL(s) = va(s)-(Ri + L) (13)

Figure 4 shows the effect of PWM in the frequency domain. By definition, the ¢-
comb of the PWM stays a J-comb (red arrows) in the frequency domain. The distance
between two J-distributions is twice the switching frequency. If 4 is a mono-frequency
perturbation, it will be represented as two é-distributions as indicated by the blue arrows
for a perturbation lower than switching frequency and as green arrows for a perturbation
above switching frequency in Figure 4a. As 04 results are from a multiplication in the
time domain, it is a convoluted signal of the J-comb and the mono-frequency d in the
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frequency domain. vap and vgp are caused by the excitations dg; and dg, and therefore
gain additional frequency components as shown by the dashed arrows in Figure 4b.

(a) _]?NN b fNN ;gﬁ

5 1 dg,
N 1 10
N :

[Nt O
o
-
_

—>—> >

Figure 4. Effect of PWM on the open loop transfer function Gor, and the feedback transfer function
Gor,rs for two different frequency excitations dg and dg,. The black arrow represents the origin
axis at 0 Hz. (a) shows two sinusoidal perturbations (blue and green arrows) as well as the §-comb
representing the PWM (red arrows). The aliasing of the original perturbations are shown as dashed
arrows in (b). In (c) these arrows are weighted with Gor. Due to aliasing, this affects Gor, rp as
indicated in (d).

Since d is a result of the linear controller, its frequency response can be directly
calculated into an input signal iy, gt Via Gcc:

d(s) = Gcc (S)‘iL,set(s) (14)

The linear open loop transfer function Gop, depending on Gcc and the converter is
therefore given as
GoL(s) = Gee(s)-(Ri +sL) (15)

This linear open loop transfer function is shown as the black line—mirrored at the
x-axis for negative excitations—in Figure 4c. Consequently, the measurable output current
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should result from Goy, as well as an equivalent transfer function of the PMW modulator
Gpwm acting on 7 get:
iL(s) = GoL(s) GpwMm-iLset(S) (16)

Due to 045 and vgp not being mono-frequency signals, i|, also includes other fre-
quency components that are shaped by Gop, as shown by the dashed arrows in Figure 4c.
Still, if only the original excitation frequency (solid arrows) is considered, the PWM does
not have any additional effect. Therefore, if the open loop transfer function is measured,
and only the excitation frequency component is evaluated, the PWM transfer function
Gpwm must be

Gpwm(s) =1 (17)

If the control loop is now closed, one would assume a linear closed loop transfer
function GCL,Lin:
_ Gour(s)
1+ GoL(s)

This is not the case, as shown in Figure 5 for a simulation of the 10 phase closed loop

GeLLin(s) (18)

current controller at a switching frequency fs of 100 kHz. While the simulated values
GcLsim show good accuracy with Gcp, 1in at lower frequencies, they diverge greatly at twice
the switching frequency.

10* 10
Frequency in Hz

10* 10
Frequency in Hz

Figure 5. Simulation results and analytical models of a 10 phase buck converter’s current control loop.

To explain the difference, we need to include the natural aliasing of the PWM. Due to
the two times switching frequency “sampling” of PWM, we can define an s as

o = j-271-2-fs (19)

This s represents the complex angular frequency associated with the natural aliasing.
Due to the aliasing of the higher frequency components, all high frequency components
will lead to aliases at the excitation frequency. The measured iy, at the switching actions will
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be altered to i1 as shown in Figure 4d. Therefore, the feedback transfer function Gor, rp
needs to account for aliasing:

Gorrs(s) = GoL(s) + io GoL(sn+) — GoL(sn-)

with sp =n-sg+s (20)

Sp— = Nn-Sg — S

The true closed loop transfer function G¢y, as plotted in Figure 5, therefore needs to

be calculated as

_ Gou(s)
%) = T GoLeste) “

GcL(s) now accurately represents Gcp, sim until the onset of switching noise at 500 kHz
obscures the measurement.
Interestingly, if Gor, can be estimated as an integrator with a constant gain of K,

GoLls) =3 22)

which can be a good estimation for a buck converter with well-tuned Pl-control, using the
partial fraction decomposition of the cotangent, G, can be simplified to

wlx

GeL(s) = (23)

1+ Kcot(%)

We can therefore interpret f; as the natural Nyquist frequency fnn of the converter, if
a symmetrical carrier is used and Dj is close to 0.5. If a sawtooth carrier is used, there will
be only one J-distribution per switching frequency, leading to an fn of half of fs:

1
=S fs (24)

If a symmetrical carrier is used and Dy is close to 1 or 0, the J-distributions will be so
close that they can be interpreted as a single J-distribution, again leading to an fyn of half
of fs.

If digital control is used, the ADC samplings will typically not coincide with the
switching actions. This is shown for a digital sampling frequency fsamp of twice the
switching frequency in Figure 6. The sampling happens at half the switching period T and
multiples thereof. At these points, the digital duty cycle D, is sampled from an analog
signal consisting of an offset Dy and the perturbation d as indicated in Figure 6a. Since the
switching actions are not at multiples of T /2, there is a time delay between sampling and
the converter’s action as shown in Figure 6a—c. In this case, the transfer functions need to
be adjusted for a delay of 147 for turn off, or 1y, for turn on.

Regarding aliasing, the effect of digital sampling on the actual Nyquist frequency fy
depends on the switching frequency and the sampling frequency. For the digital sampling,
a Nyquist frequency fngq exists, which is half of fsamp. As explained before, the PWM
introduces its own natural Nyquist frequency fnn. Here, two cases can be distinguished.
Either fnyq is as high or higher than fnn;, or fng is lower than the converter’s fyn. In the
first case, the digitally controlled converter’s Nyquist frequency fn will be equal to fan.
This can be intuitively seen, as an infinite sampling frequency would reproduce the analog
control, with the delays 711 and 71 approaching zero, as fsamp is further increased. The
effect will be visible in the transfer function but will not affect the measurement with wide
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band width signals. In the latter case fiy will be equal to fng, since the sampling and
therefore aliasing of the ADC will dominate.

/2 T
-0-Dd
a
(@) —Dy
Dy +d

2

b) — vpwm (Do)
vpwm (D)

(o)

t; tiq taatz t3 t3q taats

Figure 6. Simplified time variant model of the switching behavior of a half bridge with a triangular
carrier and digital sampling. (a) shows the carrier and the PWM-Modulators input signal, (b) depicts
the resulting PWM, and (c) gives the small signal reaction to the perturbation.

3. Wide Bandwidth Measurement System

The most straight forward approach to impedance measurement is using mono-
frequent sinusoidal signals. To obtain a full frequency spectrum, selected frequency points
are measured individually, with a fine-tuned bandpass filter acquiring only the relevant
frequency component of the current and voltage waveforms. Requirements for mono-
frequency coupling are given in [8].

To probe a wide frequency range in small frequency steps, measurement of mono-
frequent signals takes a considerable amount of time, since the system should be at a steady
state during measurement. The test signal must therefore be held at the same frequency for
considerably longer, than the lowest time constant T,,,;,, of the to be investigated system [41].
The measurement time tmeas Of 71 successive frequencies will correspondingly increase.
Also, the total test signal energy Eneas as a product of measurement time and the average
test signal power Piegt increases accordingly:

Emeas > Tmin 1" Prest (25)

If instead PRBS are used, the measurement time can be greatly reduced [8,24-41]. To
be able to measure a converter, a system capable of injecting PRBS-shaped currents into a
grid, as shown in Figure 7, is developed. The PRBS is coupled by turning a transistor on
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and off, based on the digital PRBS signal dprps. For a given DUT voltage vpyr, the power
resistor Rc adjusts the amplitude of the coupled current iprps:

UpuUT

iprps(f) = R -dprps(t) (26)
C
iDUT iS/L
| o — — o
DC —. DC
RC
Vbur
uc Mq
DC , o DC

DUT Source/Load

Figure 7. Equivalent circuit of the PRBS-based impedance measurement system.

Two currents with different amplitudes corresponding to the same digital PRBS are
shown in Figure 8. iprpg therefore has the same spectral components as the PRBS. Different

from coupling methods using power converters, the shape of iprps is not impacted by
control dynamics.

1.5 T T T T
1
1)
m
a4
[
0.5 .
0 1 1 1
0 0.2 0.4 0.6 0.8 1
time in ms
10 T T T T
<
R
2 5 1
~
&
0 1 A 1
0 0.2 0.4 0.6 0.8 1
time in ms

Figure 8. First 100 bits of a digital PRBS pattern (top) and measured currents with different amplitudes
coupled into the grid (bottom) with 8 A (blue lines) and 4 A (red lines).

The PRBS itself is characterized by two frequencies. Depending on the order O of the
PRBS as well as the bit-length t;,, a minimum coupling frequency f. min can be selected:

1
femin = m (27)

The simultaneously measured frequencies f. » are multiples of this minimum coupling
frequency:

fen = feminht (28)
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The maximum usable frequency f.max also depends on the bit-length #,. From this t;,,
a characteristic frequency fprps can be calculated:

1
frrBS = ™ (29)
b
femax is then usually set at the frequency where the amplitude of the excitation has de-

creased to —3 dB:

__ fprBS
¢,max ~~
Vi

(30)

An exemplary measurement of iprgs and the resulting vpyT is shown in Figure 9.

Or e e o0 i
: |/
: L
R= c,min 2fcmin Jemax
2 -s0f _
K
- fprBs
1009 2 3 " 5 6
10 10 10 10 10 10
z o e _
S
R=
5
2 -50r 4
>
-100 . '2 -3 -4 *

Frequency in Hz

Figure 9. Spectrum of the iprgs and vpyr measurements of a PRBS with f.min, fprps, and
fe,max indicated.

To estimate the DUT impedance Zpyt as well as a possible connected source/load
impedance Zg,1, the DUT voltage vpyt as well as the currents iprps, iput, and iy, are
measured. To minimally perturb the system when turned off, ipyT and ig,;, are measured
with magnetic current sensors, while iprpg is measured through a shunt resistor. This
overdetermination in the current measurement allows for a compensation of the current
sensors’ transfer function Gcs. Since the measured currents ipyTm and ig;; , include the
Gcs as well as ipyt and ig/p, respectively,

iputM = iputM-Gcs (31)

is;;m = is/1-Ges (32)

Gcs can directly be calculated from measurement:

Ges(s) = iput,M(8) +is/1,m(5)

- 33
—ipRrBs(S) 3
Therefore, a measured ipyt v can be translated into the actual ipyt with
. . —i S (S
iput(s) = iput,m(s) PR5(5) (34)

iputM(8) +is/Lm(5)
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To obtain high vertical resolution, all signals are sampled with a 16-bit ADC. Since
the voltage measurement suffers from the high DC-offset, all measurements are high-pass
filtered with a corner frequency of 10 Hz. To avoid aliasing, the signals are also second-
order low-pass filtered with a corner frequency of 50 kHz and sampled with 400 kHz. The
reason for using the same bandpass Gpp(s) for all signals is that no calibration is needed
for the impedance calculation:

_ opur(s)-Gep(s) _ vpur(s)
Zout(s) = iput(s)-Gep(s)  iput(s) )

A detailed description of the components used in the measurements system are given
in Table 1. Errors and tolerances are taken from the datasheet values.

Table 1. Components of the measurement system.

Component Parameter Value
Sampling frequency 400 kHz
Resolution 16 bit
ADC [42] Gain error 9 LSB
Offset error 9LSB
SNR (at 10 kHz) 90.2 dB
Nominal current +130 A
Current Sensor [43] Turns ratio (Np /Ns) 1:1000
Linearity error < 0.1%
Bandwidth (—1 dB) DC—150 kHz
Resistance 100 mQ
Shunt Resistor Tolerance +1%
Temperature coefficient £100 ppm/K
Unity gain bandwidth 320 MHz
Slew rate 350 V/us
Common mode rejection ratio 78dB (@3V)
Measurement Amplifiers [44] Power supply rejection ratio 87 dB
Input voltage range 0vV3Vv
Input noise voltage density 16 nV/v/Hz
Frequency range 10 Hz-50 kHz
Voltage Bandpass -
Passband attenuation —20dB
Frequency range 10 Hz-50 kHz
Shunt Current Bandpass ;
Passband attenuation 3.5dB

The 3D model of the physical measurement system is shown in Figure 10. The system
includes 3 resistors (50 (2, 100 2, and 200 Q) to allow for different excitation amplitudes
as shown in Figure 8 for 50 () and 100 ). The losses in R, are absorbed in an aluminum
heat sink. During active measurements, the heatsink operates mostly like a thermal storage
unit. Since aluminum has a high thermal capacitance, even 1 kg of heatsink can absorb
70 kJ for an allowable temperature rise of 80 K. The dissipated energy of a PRBS pattern
with a length of 16,383 bits (an order O of 14) and fprps = 100 kHz repeated 50 times
at an amplitude of 10 A only introduces 16.4 k] intro the heatsink. Here, the benefit of
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wide bandwidth measurement becomes directly apparent. With the whole frequency band
measured simultaneously, the heat absorption can be scaled for f. min instead of n times
femin- Continuous mono-frequency sweeps would require continuous cooling in the kW
range, if dissipative measurement were to be used instead.

Figure 10. Three-dimensional model of the developed measurement system.

4. Simulation Results

To evaluate the effect of the wide bandwidth measurement system on a power con-
verter, simulation models of the system shown in Figure 11 are set up. The model represents
a bidirectional droop controlled buck converter with a variable output capacitance Cpyt
and a stepping-down voltage of 1 kV to 500 V. The converter is kept in continuous con-
duction mode, since it behaves linearly under load current variations. This allows direct
comparisons of different amplitude measurements, despite the changes in operating point
currents due to variations in ipggs.

g, Re s
DC f: -
VDUTl Cour uC L L] I
DC
DUT

Figure 11. Equivalent circuit of the simulation used to verify the amplitude requirements for ipgps.
To simplify the simulation, a load converter is not included in the simulation.

To model both value and time discretization independently, the converter is firstly
modeled to only include the value discretization and then with only with time discretization.
Both effects can therefore be accounted for separately. Different from [8], the excitation is
simulated for the realistic measurement system as shown in Figure 11.

4.1. Value Discretization

To overcome value discretization, the voltage measurement needs to flip by at least
one bit. The corresponding voltage for this bit-flip can be defined as Av;sg. As investi-
gated in [8], a logic “1” of the PRBS leads to a charge AQ( displaced from the grid side
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capacitances Cpyt and Cg,1, of both the DUT and a source/load converter. For the resistive
coupling, this AQc can be calculated as

t+tp VDUT(t) ~
AQc = / — (36)
t C

Assuming vpyr to be sufficiently constant during the measurement, (35) simplifies to

\%
AQc = o+t (37)

For AQ( to flip one bit of the ADC, the following condition must hold:
AQc = Avisp-(Cpur + Cs/1) (38)
Knowing the desired fprps, the required amplitude of iprps can be calculated as
iprBs = AQc" frrBS (39)
The required R. can then be determined from iprps and vpyr:

Re = YRUT (40)
IPRBS

To investigate the effect of the ADC a value quantization of 125 mV—resembling the
resolution of a 12-bit ADC at 500 V—is introduced into the voltage measurement. The
parameters for the converter are selected to match the experimental prototype in Section 5
and are given in Table 2. To avoid any time discretization effects, the converter is modeled
as an average switch model, thereby eliminating the effects described in Section 2.2.

Table 2. Simulation model parameters.

Parameter Value

MOSFET resistance 7.2mQ
Inductance 142 uH

Inductor resistance 8§ mQ)
Proportional current controller gain 10.87&
Integral current controller gain 2385&

Input voltage 1kV

Output voltage 500 V

Output capacitance 200 pF | 400 uF

To investigate the generalizability of Equation (38), the converter is simulated with
two different output capacitances of 400 puF and 200 pF. To reach a stationary operating
point, a PRBS with an O of 12 and an fprps of 100 kHz (#, of 10 ps) was repeated 100 times.
The in-simulation sampling frequency was set to 1 MHz to avoid aliasing effects. This
allows measurement up to a frequency of 30 kHz and would require an iprgs of 2.5 A for
200 pF and 5 A for 400 pF according to Equation (38).

To investigate the effect of different amplitudes, the different Rc values are applied
in simulation. For the 200 uF Cpyr, the resistance values were set to 400 (2, 200 ), and
100 Q), leading to currents of approximately 1.25 A, 2.5 A, and 5 A. The 400 puF Cpyt was
perturbed with 2.5 A, 5 A, and 10 A resulting from an R. of 200 €2, 100 (), and 50 Q2. To
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result in the same corner frequency, the droop resistance was set to 125 m() at 200 pF and
62.5 mQ at 400 pF. In Figure 12, the 200 pF results are shown on the left (a, ¢, e) and the
400 pF results on the right (b, d, f).
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Figure 12. Simulation results of the output current of a converter with and without voltage discretiza-
tion (ideal) for different excitation amplitudes with fprps = 100 kHz. The results on the left are for
a 200 pF with (a) at 1.25 A, (c) at 2.5 A and (e) at 5 A, the ones on the right are for a 400 uF output
capacitance with (b) at 2.5 A, (d) at 5 A and (f) at 10 A.

Not only do the results show that the noise greatly decreases once the threshold in
Equation (38) is met, but also that the two scenarios behave identically in simulation. Aside
from the reduction in gain by 6 dB, the 200 puF and 400 puF cases not only show the same
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trend in noise, but the deviations from the ideal measurement are also exactly identical for
both, if the ratio of AQc to Cpyr remains the same. Additionally, the signal to noise ratio
not only improves at higher frequencies, but also at low frequencies, once Equation (38) is
met. This indicates a frequency independence of SNR in terms of amplitude quantization.
If a series of mono-frequency measurements were to be made, this would be different, since
AQc would be lower for higher frequencies.

To observe the converter with change dynamics, the two simulations were repeated
with changed droop resistances. For both the 200 pF and 400 puF Cpyr, the droop resistances
were doubled to 250 m() and 125 m(), respectively. The results are shown in Figure 13.
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Figure 13. Simulation results of the output current of a converter with and without voltage discretiza-
tion (ideal) for different excitation amplitudes. The results on the left are for a 200 pF at 250 m()
with (a) at 1.25 A, (c) at 2.5 A and (e) at 5 A, the ones on the right for a 400 uF output capacitance at
125 mQ) with (b) at 2.5 A, (d) at5 A and (f) at 10 A.
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Similarly to the lower droop resistance simulations, the requirement given in Equation
(38) can be interpreted as a threshold for proper measurement. Compared to Figure 12, the
simulation results in Figure 13 generally show lower noise. This can be explained by the
reduced dynamics of the system. With the increased droop resistance, the impedance of the
converters modeled exhibits a —3 dB corner frequency of approximately 5 kHz, whereas
the lower droop resistance leads to a corner frequency of 11 kHz.

The effect of converter dynamics can be approached by taking the two most extreme
cases. In the most dynamic case, the converter would have infinite dynamics leading to an
SNR of 6.02 dB, as given by the dynamic range of a 1-bit analog to digital conversion, when
Equation (38) is met. In the least dynamic case, the converter would have no dynamics and
its impedance would be represented only by the analog output capacitor. In this case no
quantization would occur. Equation (38) is therefore the limit, where an SNR of more than
6.02 dB can be obtained in any case, with SNR increasing with decreasing dynamics.

In terms of required power to correctly measure the system, the PRBS current does
not need to be drastically increased over a mono-frequency signal to properly excite the
ADC. Using Equation (38) to estimate the RMS current required to measure at 30 kHz, a
purely sinusoidal signal of 3.3 A would be needed. Using PRBS signals therefore greatly
reduces the total signal energy for a full spectrum measurement.

4.2. Time Discretization

Different than with value discretization, the time discretization of the converter itself
impacts the output impedance inherently. As explained in Section 2, high frequency
harmonics of the converter can directly impact the closed loop current transfer function.
For the simulation model, a comparison of an averaged model with a switched model will
therefore never lead to the same results. Instead, a single-phase model of a buck converter
is implemented in simulation and tested at different values of fprps. The converter is still
droop controlled, with a droop resistance of 125 m() converting from 1 kV to 500 V. The
switching frequency is set to 100 kHz with a triangular carrier-based PWM modulator. For
the analog controlled model, this leads to a Nyquist frequency fnn of 100 kHz. The system
is then excited with an fprps = 100 kHz PRBS with an O of 12 and a fprps = 400 kHz PRBS
with an O of 14. Both PRBSs show an f min of 24.2 Hz and are repeated 20 times to assure
steady state conditions in simulation. The roll-off frequency f. is at roughly 30 kHz for the
100 kHz PRBS and 120 kHz for the 400 kHz PRBS.

The simulation results for the pure analog control are shown in Figure 14. The lack of
difference between the two measurements can be explained by the high damping of the to be
aliased frequency parts. At 100.019 kHz, which would be the first frequency misinterpreted
by the PWM modulation as 99.994 kHz, the output impedance is already dominated by the
capacitor, which leads to the negligible effect of fprps. Higher misinterpreted frequencies,
affecting frequencies where the control of the power converter dominates, are additionally
filtered by the output capacitor, due to iprps being a current type signal. The frequency
components at 190 kHz, which would affect the measurement at 10 kHz, are already
damped by over 25 dB.

To investigate the behavior at different duty cycles, the output voltage was varied
to measure the system under a Dy of 0.5, 0.25, and 0.125. As shown in Figure 15, Dy has
an almost negligible impact on the noise level of the impedance measurement. Due to
the linearity of the buck converter, the change in output voltage also does not impact the
impedance shape. For the following investigations, Dy will therefore be kept to 0.5.
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Figure 15. Impact of a 400 kHz PRBS on an analog controlled converter with f; of 100 kHz under
different Dj.

If the converter is instead digitally controlled, the sampling frequency of the control
can impact the aliasing. In simulation, the digital control is modeled through sampling
and acts on the digital equivalent of the analog control. In this case, the vertical ADC
resolution is quasi-infinite and—like with the simulated analog control—only limited by
the floating-point resolution of the simulation. The results for time discrete sampling with
200 kHz are shown in Figure 16. Aside from a slight deviation in phase at 20 kHz, the
result resembles that of the analog control. While the digitally introduced delay between
sampling and switching changes the output impedance, the Nyquist frequency stays the
same, resulting in the same negligible effect of fprps on the measurement.
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Figure 16. Impact of a 400 kHz and a 100 kHz PRBS on a digitally controlled converter with an fyq of
100 kHz.

If the sampling frequency is reduced to 50 kHz as shown in Figure 17, the introduced
delay has a clearly visible effect on the output impedance. The formerly passive converter
now clearly violates passivity at frequencies above 12.5 kHz. Additionally, application of a
400 kHz PRBS (blue dots) now leads to a clearly deteriorated measurement, with increased
noise in gain and phase. Still, the effect is mild compared to under-excitation of the ADC
for the examined converter.
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Figure 17. Impact of a 400 kHz and a 100 kHz PRBS on a digitally controlled converter with an fyg of
25 kHz.

It is important to note that the effect of aliasing in wide bandwidth measurements
is not unique to digital control, as shown for an analog controlled converter in Figure 18.
Here, the control parameters were left unchanged but the switching frequency was reduced
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to 25 kHz. While the effect on the shape of the output impedance—aside from artifacts
at switching frequency—is not as prominent as with digital under-sampling, the deterio-
ration of measurement of the 400 kHz PRBS (blue dots) compared to the 100 kHz PRBS
measurement (red dots) is still clearly visible.
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Figure 18. Impact of a 400 kHz and a 100 kHz PRBS on an analog controlled converter with an f; of
25 kHz.

When compared to value discretization, the effects of time discretization are compar-
atively small, since even the worst-case effects of time discretization (Figure 17) do not
replicate only meeting the charge requirement in Equation (38) (Figures 12 and 13). For a
synchronous buck converter, it can therefore be surmised that time discretization only has
a very limited effect. It is important to note that this might not be true for any topology.
Time discretization should therefore be at least kept in mind when selecting fprps.

5. Measurement Results

To verify the simulated findings in practice, a digitally controlled synchronous buck
converter is measured using the system described in Section 3. The converter is controlled
by a cascaded voltage and current control using 12-bit ADCs to convert currents and
voltages. The discretization in output voltage measurement is 195 mV, which—together
with the output capacitance of 200 uF—leads to a required AQc of 39 uC. The converter has
a switching frequency of 60 kHz, with the inductor current and input and output voltage
sampled four times each switching period, leading to an effective fyg of 60 kHz. The
measurement system excites the converter with 25 repetitions of a 100 kHz PRBS with an O
of 12. To properly excite the system, a 4 A iprps is coupled with a 100 Q) R. at 400 V. The
converter parameters are identical to the simulation model in Section 4.1. An exemplary
current and voltage measurement, normalized to the maximum signal amplitude, is shown
in Figure 19. Due to the 25 repetitions, the measurement includes 24 unusable frequency
points for every PRBS constituent frequency. Since the measurement system does not
induce any signal at these frequency points, they can be used as a measure of noise. As
clearly visible in Figure 19, the noise has no noticeable impact in the frequency range
up to 60 kHz. The system will be assumed unperturbed by noise up to 30 kHz with
high confidence.
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Figure 19. Comparison of signal and noise amplitudes of the measurement.

To eliminate misinterpretation of effects due to insufficient excitation of the measure-
ment system’s 16-bit ADC, the 4 A measurement raw data was retroactively reduced to
12-bit and 8-bit resolution as shown in Figure 20. While an under-excitation of the mea-
surement system’s voltage ADC is highly unlikely for signals that can be picked up by
the converter’s ADC, an under-excitation in the current measurement could still lead to a
deteriorated measurement. As can be seen in Figure 20, only a reduction to 8-bit leads to a
noticeable change in the measurement. We therefore conclude that a reduction in signal
amplitude up to a factor of 16 would not negatively impact the measurement, when only
considering the measurement system.
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Figure 20. Impact of the measurement system’s ADC resolution on the impedance measurement.
The reduction to 12 bit has no impact on the measurement, with the red dots below the yellow dots
(16 bit).
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To investigate the influence of the digital control on the system, the measurement is
carried out again with a 2 A and an 8 A iprps. The injected currents are shown in Figure 21.
The results are shown Figure 22. While the increase in signal power to 8 A only marginally
improves the measurement, the decrease in iprps to 4 A drastically limits the usability of
the measurement, validating the stimulatory findings.
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Figure 21. First 100 bits of an injected PRBS-shaped current used to measure the output impedance of
a power converter.
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Figure 22. Measurement results of the output impedance of a buck converter at different
excitation currents.

Regarding aliasing, no improvement was found if fprps was changed to 60 kHz,
further indicating the low impact of aliasing on buck converters. It is important to note
that this has to be expected of a well-designed digital control system, since perturbations
in realistic environments will typically be wide band. A power converter not being able

to handle multiple frequency components at once will therefore exhibit unpredictable
behavior in a DC grid.
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To further exemplify the validity of the wide bandwidth measurement, a set of 10
equal measurements with an iprps of 4 A were taken. Results with their standard deviation
are given in Figure 23. As shown, the deviation between measurements is reasonably
low, indicating high reproducibility. The results also show similar variance over a wide
frequency range, with the exception of low frequencies. As expected from the simulation
results, insufficient ADC triggering leads to wide bandwidth noise, visible in the whole
frequency range.
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Figure 23. Measurement results of a set of 10 measurements at 4 A. The standard deviation is given
as error bars for each frequency.

6. Discussion on Measurement Procedure

When using external PRBS to measure a system, a few degrees of freedom can be
selected which can affect measurement quality. While time discretization does not play
a significant role in measurement quality for the converter investigated, we still advise
to set fprps only as high as twice fyn. Depending on whether digital or PWM sampling
dominates, fprps can therefore be set to equal either fs or fsamp. If the power converter’s
internal structure is unknown, we advise determining the switching frequency by means
of external measurement and assume fsamp to be equal. If variable frequency topologies
such as in [45-49] are used, fprps should be set close to the operating point frequency. With
frres set, Equation (38) can be used to determine the minimum excitation current. If the
capacitance or value discretization are unknown, we advise a first measurement to judge
the capacitance and assume an industry standard 12-bit ADC, adjusted for the maximum
allowable voltage. The PRBS order O can be determined by the minimum frequency that is
supposed to be measured, using Equation (27). This procedure should allow for accurate
and fast impedance measurement using PRBS. If not, we suggest changing the excitation
amplitude first, before changing fprgs.

7. Conclusions

Output impedance measurement of power converters can be a powerful tool in DC
grid stability estimation. Here, excitation with wide bandwidth signals can speed up
measurement at little cost to measurement accuracy. As shown in this paper, clear criteria
for accurate wide bandwidth measurements can be deduced from theoretical considerations.
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For parallel coupled current type PRBS signals, these criteria were verified in simulation as
well as on a physical device under test. It is shown that especially the vertical resolution
of the power converter’s digitalization can have a large impact on measurement. For the
investigated type of converter and test signal type, horizontal resolution, i.e., sampling
frequency, tends to only play a minor role relating to measurement. Further investigations
of different types of signal coupling and their impact on aliasing as well as ADC excitation
are still needed. Similarly, the investigations in this paper were limited to buck-type
converters and might not be generalizable to any type of converter. While certain relations,
like the capacitor-charge relation might still be applicable, especially aliasing might play a
more pronounced role in different topologies. Additionally, means of softening the pulses,
so as to only excite within a specified frequency range with less perturbation in the above
Nyquist frequency band, might further enhance wide bandwidth excitation.
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